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Abstract 
This thesis presents a thermo-electrical modelling approach for demand response services through 
Heating Ventilation and Air Conditioning (HVAC) systems. 
The starting point of the approach is to gain insights on the heating and cooling energy required to 
keep a building at predefined temperature settings. These studies are supported by the simulation 
engine EnergyPlus, which is used to generate base-case (uncontrolled) consumption scenarios. Then, 
a number of different control actions are simulated to study how the energy demand and the indoor 
temperature profile of different buildings react to such control actions. The relations between user’s 
comfort levels and temperature setting point variations and durations of the control are explored for 
different types of buildings.  
In order to map thermal loads to electrical loads, synthetic and general models of reversible HVAC 
devices are developed through a so-called black-box approach, whereby input-output functions are 
generated to link the equipment performance to indoor and outdoor temperatures in both heating 
and cooling operation. A mathematical formulation of these performance functions is developed 
from real data. 
A flexible demand strategy algorithm that maximises the benefits of flexible heat demand is finally 
presented. It allows selection of an optimal combination of control strategies for the different 
devices involved in the analysis. The algorithm is able to select type, number, and duration of 
operation of the HVAC systems so as to maximise the sought benefits, e.g., support of system 
balancing task, network constraint management. This can ultimately lead to facilitate efficient 
integration of intermittent generation and enhance the utilization of existing network assets in 
future low carbon electricity systems. 
The present heating and domestic hot water demands of UK residential buildings have been 
modelled and validated with the national gas consumption. The model is used to predict future 
HVAC demand of the UK residential building in year 2050.  
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Nomenclature 
    transfer surface area (m2) 
A/C  Air Conditioning 
ac/h  Air change rate per hour 
     No-load cost of generator   
              Coefficients of the fuel cost function of generator   
       cross-section of the pipe, in (m
2)  
ASHP  Air-Source Heat Pump 
    Slope of the linear approximation cost function of generator   
            binary variable to prevent simultaneous charge/discharge 
    capacitance (F) 
  ,    and     multiple linear regression coefficients for cooling 
     thermal capacity of the air (J/K) 
CCGT  Combined cycle gas turbine 
CCS  Carbon capture and storage 
     Cost of fuel of generator    
    thermal capacity of the structure of the building structural (J/K) 
      coefficient of Performance 
       coefficient of performance of the EHP for cooling modes 
          COP of an ideal heat pump, also known as the Carnot cycle COP 
        COP of the EHP for building type   in function of the time    
         actual COP  
       coefficient of performance of the EHP for heating modes 
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        A penalty attached to every unit of electricity spilled 
    specific heat of air (J/kg.K) 
      specific heat capacity of water (4.187 kJ/kg K) 
       The value of lost load (VOLL) which is a maximum monetary value that the 
customers willing to pay to avoid the interruption in their electricity supply 
     thermal capacity of zone air (J/K) 
DHW  Domestic Hot Water 
       expected consumption at time-step   of the devices of the type   building when no 
control actions are applied  
       expected consumption at time-step   of the devices of the type   building when the 
strategy   is applied  
DSM  Demand Side Management 
    System demand at time   
EHP  Electric Heat Pump 
       domestic hot water energy consumption (kWh/day) 
      
        energy content of storage in building ID   of building type   at time    
        load consumption variation in relation to the base case of the devices of the type   
building at time-step   when strategy s is applied 
     
     total energy loss of TES 
         energy size of storage for type   customer  
  
    Load shedding or load curtailment to satisfy the demand balance at time   
  
    Generation shedding at time   
      
   thermal initial TES thermal energy level for building type   
      
     thermal energy capacity of the TES for building type   
      
     minimum level of thermal energy required in the TES for building type   
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FD  Flexible Demand 
GSHP  Ground-Source Heat Pump 
    convective heat transfer coefficient (W/m2K) 
  ,   and     multiple linear regression coefficients for heating  
HVAC  Heating Ventilation and Air Conditioning 
    current (A) 
  ID for buildings with EHP belonging to the building type  .  
    thermal conductance (W/K) 
  building type 
     thermal conductance inside-to-structural mass (W/K) 
     thermal conductance due to ventilation heat loss, window losses, etc. (W/K) 
    thermal conductance between outside-to-structural mass (W/K) 
          final demand obtained at time-step   after applying the control strategies calculated 
with the optimization algorithm. 
           maximum acceptable limit of peak demand 
    mass flow rate (kg/s) 
      number of controllable devices within the group of buildings of type    
    number of building types   
  
    number of controllable devices within the group of building type   
      number of control action for building type   
      number of internal loads 
           number of surfaces 
         number of zones 
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OCGT  Open cycle gas turbine 
             forecast load demand of the aggregator in a region including the building demand 
when no control action are applied at time-step   
      Output of generator   
  
       Maximum output of generator   
  
       Minimum output of generator   
       Total output of generator   at time   
       new peak power demand from peak minimisation 
    heat transfer (W) 
     domestic hot water load (kW); 
       expected thermal consumption at time   of the devices of the building type   when                               
no control actions are applied (base case) 
      
      discharging power of storage in building ID   of building type   at time    
      
      charging power of storage in building ID   of building type   at time   
      system output (W) 
      
     maximum thermal flow rate that can charge/discharge the TES for building type   
    resistance (Ω) or cooling demand required by the building (W) 
RES  Renewable Energy Strategy 
    
     Contribution of generator   to provide downward reserve at time   
    
     Contribution of generator   to provide upward reserve at time   
  
      Downward reserve requirements at time   
  
  
  Upward reserve requirements at time   
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  control action strategy. Each action has three components: action (e.g. switch off 
the device), starting time of the action (e.g. 8:00am) and duration of the action (e.g. 
30 minutes). The strategies can vary for the different building types  
   time 
TES  Thermal Energy Storage 
    final time-step of the control period 
     condenser temperature (
oC) 
     inside temperature (K)  
    initial time-step of the control period  
      water input temperature (
oC) 
     evaporator temperature (
oC) 
     temperature of the building structure (K) 
     outdoor air temperature (K) 
      water output temperature (
oC) 
     return water temperature 
     supply water temperature 
        surface temperature (K) 
     zone air temperature (K) 
    heat transfer coefficient or transmittance (W/m2K) 
     voltage at node   (V) 
  
    Downward output change by rate 
  
  
  Upward output change by rate 
     voltage at node   (V) 
    volume of hot water (m
3/s) 
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     water speed in pipes in (m/s)  
     electrical demand for cooling (W) 
      Actual wind output at time   
      Forecasted available wind power at time   
       thermal energy (Wh) 
     electrical demand for heating (W) 
      thermal demand (W) 
     specific weight of water  (1000kg/m
3) 
    number of devices of the type   building which are controlled after the optimization 
with strategy   
          variation in load that occurs at that time-step when the control actions are applied 
    time-step duration  
     Amount of wind to be shed when the wind output is high and the demand is low 
      Carnot efficiency 
 
   
 thermal efficiency of the TES device  
       air density (kg/m
3) 
     density of water (1000 kg/m
3) 
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Chapter 1 – Introduction 
 
1.1. Overview 
Great Britain’s electricity system is facing very significant challenges. By 2020, according to the UK 
Government’s Renewable Energy Strategy (RES) [1], it is expected that 35-40% of electricity demand 
will be met by renewable generation, an order of magnitude increase from the present levels. In the 
context of the targets proposed by the UK Climate Change Committee [2] in order to meet the 
greenhouse gas emissions reductions target of at least 80 percent by 2050 it is expected that the 
electricity sector will be almost entirely decarbonised by 2030, with significantly increased levels of 
electricity production and demand driven by the incorporation of heat and transport sectors into the 
electricity system.  
 
The infrastructure capacity together with operational efficiency of such an electricity system will be 
the main drivers of its overall costs and key barrier for a cost effective evolution to a low-carbon 
electricity economy. The present electricity system design and operation philosophy will require 
massive investment in the primary electricity infrastructure, due to intermittent renewables such as 
wind and also inflexible generation such as the proposed nuclear and CCS generation.  This is likely 
to be exacerbated by the greatly increased demand peaks that could occur from an inflexible 
demand. Lack of flexibility in such a system will not only reduce efficiency of generation in the 
presence of intermittent and inflexible generation, but it may severely limit the ability of the system 
to absorb renewable output resulting in curtailment. An alternative approach, involving two major 
departures from current thinking could lead to significant performance improvements. This will 
require a radical shift in the source of the system control and flexibility from generation assets to 
demand.  Given that both heat and transport sectors inherently include significant storage elements, 
the opportunities for demand participation are very significant, although this would require a more 
sophisticated system management and opportunities for the provision of grid control services.  
 
In this context, Flexible Demand (FD) [3] can offer a viable alternative for system balancing and thus 
offsetting carbon emissions and reducing capacity requirements associated with the provision of 
various forms of reserves provided by conventional plant. FD may be able to provide the flexibility 
needed to manage the variability associated with intermittent renewable generation. However, no 
specific studies for GB have been reported so far as to what the benefits of large-scale deployment 
of FD could be at a system level, in terms of both cost and CO2 savings. 
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1.2. Challenge 
FD can provide a number of benefits to electricity market participants, as well as to the society.  In 
order to assess the potential opportunities different and powerful models were needed to quantify 
the system-level benefit values for different types of services, generation and demand scenarios, 
particularly with a system with high volumes of intermittent and inflexible generation.  
 
In the near future, thermal related electrical loads of HVAC systems could play an important role in 
FD, particularly as they are likely to result in an increase in electricity demand as thermal loads are 
decarbonised, e.g. electric heating with heat pumps for instance. HVAC devices could offer a large 
potential for FD application due to the intrinsic thermal inertia provided by buildings and water 
which have a longer time constant than other electrical loads. 
 
More specifically, major areas investigated include: 
 
1. Electro-thermal load modelling of buildings 
The starting point of all the system level studies performed has been an extensive modelling , 
supported by computer simulations, to identify the thermal response characteristics (for both 
heating and cooling) of buildings and the behaviour of HVAC devices. The main factors impacting on 
building energy requirements have been identified, and heating and cooling load simulation 
methodologies have been developed. In addition, the building thermal response under different 
nominal and FD-controlled conditions has been thoroughly investigated, thus giving strategic 
guidance on the relation between comfort level change and power/energy modulation occurring 
when performing different control strategies. Transformation from thermal load to electrical load 
has been finally performed through specifically developed performance models of the considered 
HVAC devices. 
 
2. Impact of thermal demand on operation and adequacy of UK generation system 
A great concern associated with future low carbon systems is the need for very high plant capacity 
margin and very low average utilisation in order to deliver an adequate level of security of supply. In 
this context, it has therefore been investigated how the system development could benefit from 
demand side flexibility by:  
(i) reducing the generation capacity margin;  
(ii) improving system security for given installed generation capacity;  
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(iii) reducing the overall system cost (generation cost plus interruption cost) to provide an 
optimal level of security; and  
(iv) improving the generation plant utilisation and efficiency.  
 
Studies have been performed for both a system resembling today’s GB power system, and a future 
system, with large volume of wind as well as more inflexible conventional technologies such as 
nuclear and CCS. 
 
1.3. Objectives and research questions 
The overall aims of the thesis were to identify opportunities for widespread adoption of distributed 
FD in the UK and its potential to provide various services to electricity market participants. This was 
achieved by developing models in which Heating Ventilation and Air-Conditioning (HVAC) load from 
a number of buildings in the UK are controlled via a central controller that coordinates the individual 
controllers at each building. Within this background of the thesis, the key objective of the research 
carried out was to investigate and analyse quantitatively, from a whole system perspective, the 
potential role, value and benefits that demand side flexibility could offer for operational support, 
whilst pursuing the objectives of de-carbonising the GB electricity sector to meet the 2050 
greenhouse gas reduction targets.  
 
The objectives of the work are realised by addressing four research questions. These research 
questions are outlined as follows. 
 
RQ1: What do the electrified domestic heating and hot water demand profiles of the UK look like 
for the year 2050? 
Answering this question requires the modelling of thermal loads of UK buildings in terms of the 
energy consumption required to keep buildings at prescribed temperature settings. This modelling is 
based on simulation programs that solve classical heat balance equations from heat transfer theory. 
Hence, the studies carried out here deploy the software EnergyPlus [4], supported by a user-friendly 
interface called DesignBuilder [5]. These well-proven software tools have the ability to model 
building thermal behaviour for a number of conditions.  
As a further key step, starting from the building thermal loads as modelled in EnergyPlus, the electric 
loads of HVAC systems are worked out through suitable models of the efficiency characteristics of 
the equipment. More specifically, a synthetic generic model is derived from data available from 
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manufacturers to build input-output relations between the thermal output (heating or cooling) and 
the electrical energy demand under various temperature and load conditions. In this way, starting 
from the building thermal requirements, the electric energy consumption profiles resulting from 
HVAC devices are identified for both “base” conditions and after specific control actions are carried 
out.  Several devices commercially available have been used to fit the generic black-box model used 
in the study. 
The specific processes required to respond to this question include to: 
– reach a deep understanding of the physical mechanisms involved in building steady-state 
and dynamic thermal load modelling, including relevant literature review of the subject 
– collect statistical data to populate a realistic representation of the stock of buildings to be 
used for the modelling 
– model typical thermal load of UK domestic buildings by using EnergyPlus and DesignBuilder 
software tools to obtain typical energy demand profiles for each building type 
– perform sensitivity analyses of the main factors that influence the building energy demand 
in order to identify the extent to which each factor affects the load 
– develop generic models of HVAC devices to convert thermal energy profiles into the 
equivalent electrical energy demand under different operational conditions  
RQ2: What is the economic and environmental values of using temperature scheduling approach 
to increase the flexibility of electrified domestic heating demand of the UK for the year 2050? 
More specifically, besides assessing the steady-state thermal requirements of a given building, which 
is a common characteristic of several commercial tools, the software package used is able to 
simulate thermal dynamic response to different control actions (particularly, temperature setting 
change and on-off operation) carried out on the HVAC system.  
Specific aspects that can be adequately captured by the software include the assessment of the peak 
thermal requirements when the HVAC system picks up the load (typically in the morning), as well as 
the energy pay-back phenomenon which represents the additional amount of energy that is 
consumed when the control action is released in order to bring the controlled device back to the 
equilibrium at the end of this period. In addition, while simulating the various control actions, 
minimum comfort levels required by the user must not be breached. The correct understanding and 
modelling of these phenomena is crucial to supporting the appropriate use and appraisal of 
temperature scheduling approach. 
The specific objectives of this study include to: 
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– work out the role of the main factors affecting the building thermal demand response to 
different control actions, with specific focus on their effect on energy pay-back and comfort 
level requirements 
– develop the modelling of the equivalent aggregated electrical demand associated with 
demand side management (DSM) of HVAC systems combined with generation system for the 
year 2050 
– assess the economic and environmental values by temperature scheduling approach for the 
generation system for the year 2050 when the heating and hot water demands are all 
electrified 
RQ3: What is the economic and environmental values of preheating approach to increase the 
flexibility of electrified domestic heating demand of the UK for the year 2050? 
Preheating could provide a useful means of managing peak demand but it does result in a 
consequential increase in energy consumption which may mean that it should be limited to 
occasional use. 
The specific processes required to respond to this question include: 
– model typical thermal load of UK domestic buildings by using EnergyPlus and DesignBuilder 
software tools to obtain typical energy demand profiles of each building type with 
preheating 
– using generic models of HVAC devices to convert thermal energy profiles into the equivalent 
electrical energy demand under different operational conditions  
– assess the economic and environmental values of the preheating approach for the 
generation system for the year 2050 when the heating and hot water demands are all 
electrified 
RQ4: What is the economic and environmental values of installing hot water storage  to increase 
the flexibility of electrified domestic heating demand of the UK for the year 2050? 
Domestic hot water storage could play an important role in the future for DSM. Controlling a heat 
pump with hot water storage can extend DSM performance compared to controlling the heat pump 
by itself. Therefore, a model of hot water storage with heat pump has been developed. The sizing of 
heat pump and hot water storage for domestic building has been considered as constraints on the 
model. 
To this end the following specific aspects need to be addressed 
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– develop generic models of hot water storage with heat pumps and combined with 
generation model for the year 2050 
– assess the economic and environmental values by installing hot water storage for the 
generation system for the year 2050 when the heating and hot water demands are all 
electrified 
 
1.4. Contributions 
Contribution 1: The first main contribution of the work is the modelling of UK domestic heating, hot 
water and their electrified demand when using different technologies. By using the 2050 pathways 
report scenarios [6] as a frame work, heating and hot water demand profiles for the years 2007 and 
2050 are modelled in detail using EnergyPlus and DesignBuilder. The electrification of these demand 
through resistive heating, air-source and ground-source heat pump are compared. The modelling of 
the demand for the year 2050 takes into account the improvement in building insulation for both 
existing and new buildings, the new build and demolition rate of buildings, the population increase, 
the change of temperature comfort levels required by consumers and the change in future outdoor 
temperature from climate change. The demands from the model are compared with those given in 
the 2050 pathways report. For the commercial buildings, the heating/cooling, hot water demand 
and their electrified demand are also model for the year 2007 with the focus on offices and retail 
stores. 
Contribution 2: The second main contribution of the work is the assessment of DSM impact 
according to different approaches to the electrified heating and hot water demand of domestic 
buildings for the year 2050. The studies focus on the electrification by air-source heat pump. Three 
different approaches for peak minimisation: temperature set point scheduling, turning the space 
heating system on and off throughout the day and controlling the installed hot water storage with 
heat pump are modelled and compared. 
Contribution 3: The final contribution is the assessment of DSM impact according to the previous 
different approaches with the generation systems for the year 2050. This can be achieved by 
integrating the HVAC DSM model into a generation scheduling model and combining a scheduling 
algorithm that incorporates simultaneously generation and demand. From the combination of these 
models, the reduction of generation cost and emissions can be investigated. 
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1.5. Thesis structure 
In addressing the scope, this thesis is composed of nine chapters whose contents are summarised 
below: 
Chapter 2: describes how the thermal energy demand of buildings is modelled under steady-state 
conditions and in the presence of DSM control actions as well as simulation software used for 
thermal modelling. The main factors influencing the building energy demand are investigated in this 
chapter. 
Chapter 3: illustrates how the heating and hot water demand profiles of different buildings can be 
aggregated for system-wide analysis. The algorithm is based upon a bottom up modelling approach, 
through which a large number of load profiles can be aggregated based on statistical data available. 
Chapter 4: describes how HVAC devices work and how to work out synthetic and generic model of 
electro-thermal devices for system assessment from real manufacture data. Generic models of air 
source and ground source heat pumps in the UK are also given in this chapter. 
Chapter 5: presents the mathematical formulation of temperature scheduling optimisation 
algorithm which aim to maximise peak demand reduction. Two DSM case studies of buildings are 
demonstrated in this chapter. 
Chapter 6:  presents the mathematical formulation of hot water storage model with heat pump. The 
procedure of hot water storage and heat pump sizing is also described in this chapter.  
Chapter 7: is the modelling of UK heating, hot water and their electrified demand for the year 2050. 
The performances of three different approaches for peak minimisation: temperature set point 
scheduling, turning heating system on throughout the day and controlling the installed hot water 
storage with heat pump are compared in this chapter. 
Chapter 8: presents the generation model for the year 2050. The performances of the three 
different approaches, similar to those in chapter 7, for system generation cost and emissions 
reductions are compared in this chapter. 
Chapter 9: detail the conclusion and future work.  
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Appendix A: presents characteristics and number of UK domestic buildings used in heat demand 
modelling.  
Appendix B: presents characteristics and number of UK commercial buildings used in heat demand 
modelling. 
Appendix C: is the comparison of controlled cost, energy and CO2 emissions of the generation 
system for the year 2050 using different DSM approaches. 
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Chapter 2  – Thermal load modelling 
 
This chapter describes the basics for modelling thermal demand of buildings. The underlying 
principle to work out the thermal requirements (cooling or heating) of buildings is to model the 
energy balances internal and external to the physical envelope while keeping a predefined 
temperature settings. These energy balances and the consequent energy demand are thus 
calculated from heat balance equations by means of the software EnergyPlus. 
2.1 Literature review on thermal load modelling  
Thermal load demand for buildings represents a major share in the overall energy demand on a 
country basis. Therefore, much research has focused and keeps on focusing on obtaining detailed 
models on building energy demand requirements. 
Just to mention few of the reviewed papers regarding studies carried out in different countries, 
Yigzaw G. et al. [7] studied electricity consumption for 27 representative dwellings in Northern 
Ireland. The type of dwelling, its location, ownership and size, household appliances, attributes of 
the occupants including number of occupants, income, age and occupancy patterns have different 
but significant impacts on electricity consumption. A clear correlation was found between average 
annual electricity consumption and floor area. 
G. Michalik et al. [8] developed structural models for energy consumption in the residential sector of 
Australia by a survey of over 100 customers that provided data on 17 appliances considered in the 
study. 
A. Capasso et al. [9] developed a bottom-up approach to residential load modelling in Italy. 
The “Building Technologies Program” by the US Department of Energy funded research and 
technology development to reduce commercial and residential building energy use and to provide 
information on building software tools for evaluating energy efficiency, applicability of renewable 
energy, and sustainability in buildings. The EnergyPlus software used in this work was developed 
under that program [4]. The software is able to calculate the energy demand for building using high 
detail of input parameters and providing building dynamic response output. 
A simplified dynamic model for calculating cooling and heating energy demand of buildings using 
thermal network models (mentioned later in this work), verified with field measurements in  
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buildings, is introduced in J A Crabb et al.[10]. The thermal network model has been improved by A 
Tindale [11] using third-order lumped-parameter in order to improve the accuracy of the model. 
Focussing on the UK, the thermal load modelling for residential buildings using a bottom up 
approach for generating typical heating energy demand profile in the UK have been discussed by Yao 
et al [12],[13],[14]. In their research, thermal load is modelled on the basis of two main types of 
determinants [14], namely, physical determinants and behavioural determinants. A simple method is 
used for deriving the heating load profile for a UK domestic building, which adopts a dynamic 
thermal resistance network model that has been verified with a simulation program in several cases 
of different building types. The most important input parameters of this model are hourly recorded 
files of ambient temperature and overheating risk. The model is suitable to reach fast solutions, but 
is not accurate. However, it provides interesting information on the main factors affecting the 
building thermal characteristics. More specifically, physical determinants of the energy consumed, 
such as for example heating/cooling and lighting energy have a high correlation with the climate 
(season and geographical site) and building structural characteristics; however, there is low 
correlation with people’s habits. On the other hand, behavioural determinants of the energy 
consumed are largely based on human activities in buildings (number of people, working hours, and 
so forth) are only marginally affected by climate conditions. 
The main types of electrical appliances used in domestic households have also been surveyed to 
build an appliance load profile in [15]. By combining the heating and appliance load profiles, a daily 
load profile of a house or a city can be produced.  
2.2 Software used for thermal load modelling 
EnergyPlus [4] is a software tool to model heating, cooling, lighting, ventilation, and other energy 
flows in buildings. The software has been widely used in research and projects. As such, it has been 
reviewed as a powerful simulation tool relative to other simulation tools [16] to [21] and verified 
through field trials [19] to [21]. EnergyPlus includes many innovative simulation capabilities such as 
time steps of less than one hour, system modularity, HVAC equipment integrated with heat balance-
based zone simulation, multi-zone air flows, thermal comfort analysis, water use, natural ventilation, 
photovoltaic systems, etc. 
EnergyPlus on its own is a stand-alone simulation program without a 'user friendly' graphical 
interface, reading input and writing output as text files. Therefore, a specific software interface, 
DesignBuilder [5], has been developed around EnergyPlus to facilitate the data inputting process in 
EnergyPlus (for instance, fabric and glazing data), as well as the handling of output information. 
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DesignBuilder has also been widely used [22] to [28]. One of its major features is the built-in 
availability of databases of building materials, construction types, window panes, window glazing, 
blinds, etc. In addition, the tool features an easy-to-use Open Graphic Library (OpenGL) solid 
modeller, which allows building models to be assembled by positioning 'blocks' in 3-D space and 
realistic 3-D elements providing visual feedback of actual element thickness and room areas and 
volumes. Data templates allow the user to load common building construction types in the UK, as 
well as typical activity profiles, into the model being developed by selecting from drop-down lists. 
Hence, the tool also provides data support for modelling purposes in the case of missing 
information. New templates can be added for repeating work on similar types of buildings. These 
templates allow global changes to be made at building, block or zone level. The level of detail can be 
controlled in each building model allowing the tool to be used effectively at any stage of the design 
or evaluation process. 
EnergyPlus software has been selected for use in the research because of its well-proven technical 
capabilities, besides being a free tool. In addition, the user’s description of a building from the 
perspective of its physical make-up associated with mechanical systems, heat generated inside the 
building, meteorological data and indoor temperature, can be easily implemented and modified, 
also owing to the support of DesignBuilder as a graphic drawing tool.  
2.3 EnergyPlus input parameters required for simulation 
Typical parameters required for EnergyPlus simulation are illustrated below in order to give a 
preliminary idea of the main factors influencing thermal load modelling. 
Layout and construction type of the building 
– The dimensions of the building and the layout 
– The insulation level of the building envelope, namely related to  
- U-value (W/m2.K) of wall, floor, roof and window, or 
- the building material used for each component 
The software requires a drawing of the layout of the building to obtain the air volume of the 
building. U-Values of each building component (wall, floor, roof, doors and windows) must be input 
in the software for heat balance calculation, or are calculated by the software on the basis of 
average construction characteristic of each component. If the U-Values of the building cannot be 
obtained, a construction template from the software is used based on an approximation of the 
building age.  
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Activity 
The activities in the building are used to approximate the internal heat gain pattern during the day 
from people and equipment in the building. Typical activities in the building can be selected from the 
software template. 
Temperature profile of the site 
The outdoor temperature profile throughout the day is needed as input weather data for the 
software. This is a crucial point, as heating and cooling energy demands are primarily dependent on 
the difference between the indoor and the outdoor temperatures. 
2.4 EnergyPlus output of the simulation  
A thermal energy load pattern curve (for instance on an hourly or daily basis) is the output of 
EnergyPlus. The thermal (heating or cooling) energy demand is the amount of energy required to 
reach a set temperature given the internal and external heat gains for the building under analysis. 
The electrical energy demand of the HVAC system can then be calculated out of the software by 
using a model for the efficiency used for heating/cooling. For example, for an HVAC system with a 
coefficient of performance (COP) equal to 3, the electricity consumption is scaled down by a factor 
of 3 with respect to the cooling demand. More details are given in chapter 4. 
2.5 Equations used for thermal load modelling  
This section describes equation used for thermal load modelling in EnergyPlus software comparing 
with more simplified models. 
2.5.1 Equation used for thermal load modelling in EnergyPlus 
For the sake of completeness, it is interesting to show how the energy demand of buildings is 
obtained within EnergyPlus [4]. The EnergyPlus program is a collection of many program modules 
that work together to calculate the energy required for heating and cooling a building using a variety 
of systems and energy sources. It does this by simulating the building and associated energy systems 
when they are exposed to different environmental and operating conditions. The core of the 
simulation is a model of the building that is based on fundamental heat balance principles equation 
(2-1).  
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                         (rooms) 
The formulation of the solution scheme starts with a heat balance on the zone air. In other words, a 
zone is considered as a room. The sum of zone loads and system output equals the change in energy 
stored in the zone. The basis for the zone and air system integration is to formulate energy and 
moisture balances for the zone air and solve the resulting ordinary differential equations using a 
predictor-corrector approach.  
2.5.2 Simplified equation used for thermal load modelling 
Equation (2-1) is a first order equation, whose solution describes a typical 1st order transient as in R-
C electrical circuits. In particular, also in this case there is a time constant τ = RC associated to the 
solution, and which is physically related to the thermal inertia of the building. It is this intrinsic 
physical property of somehow storing energy (that is, a smoothening effect in the temperature 
response to load variation) through thermal inertia that allows adoption of DSM strategies. In 
particular, thermal inertia enables the possibility of shifting heating/cooling loads without altering 
substantially the required level of indoor comfort (at least in a relatively short term). 
To be more specific regarding the model, the thermal characteristics of a building resulting from the 
basic heat transfer equation can be represented in terms of network of resistances and 
capacitances, as illustrated in figure 2-1 [10],[11]. With reference to this figure, the capacitance is 
related to the air volume in the building as well as to the thermal inertia of the material; the 
resistances are related to the building envelope insulation materials (i.e. roof, wall, windows) and to 
the heat patterns through internal walls. The building mass used to quantify these parameters 
includes floors, interior partitions, furniture etc. It is straightforward to see that temperatures ( ) 
and heat ( ) in the thermal model are respectively the analogous of voltage and current in an 
electrical circuit. 
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Figure 2-1a: Analogy between the resistance-capacitance network and a building model   
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Figure 2-1b: Schematics of the resistance-capacitance network used to represent a building model 
 
Parameters: 
   is inside temperature; 
   is temperature of the building structure; 
heat flow
structure
air
lightweight path
heavyweight path
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   is outside temperature; 
   represents a quick response thermal conductance (ventilation heat loss, window losses, 
etc.) between the inside temperature    and the outside temperature    (lightweight inside-
to-outside conductance); (W/K) 
   is the thermal conductance between    and the structural temperature    (inside-to-
structural mass); (W/K) 
   is the conductance between    and    (outside-to-structural mass); (W/K) 
   is the effective thermal capacity of the air (the “air mass”); (J/K) 
   is the thermal capacity of the structure of the building (the “structural mass”); (J/K) and  
  is the heat supply acting at    (rate at which heat is delivered inside the building from all 
sources). (W) 
There are three heat conduction parameters:   ,    and    and two heat storage parameters:    and 
  . Lightweight heat loss path, modelled by    conductance, is the sum of the ventilation loss, the 
conduction losses by external doors and windows and the roof loss where the roof structure is 
relatively lightweight. Ventilation loss is normally expressed as number of air change per hour (ac/h), 
in other word, how many times the air is replaced in a building per hour. Heavyweight heat loss path 
is modelled by    and     conductance.    is the conduction path for the heat flow within the 
building to the thermal reservoir   .   is the path from this reservoir to outside. The ratio between 
   and    depends on how the thermal resistance is distributed relative to thermal mass in these 
paths.    is the thermal capacity of the building structure.    is the thermal inertia of the air inside 
the building. 
The five parameters can be calculated from the geometry and thermal properties of the building 
materials and the air (the greatest uncertainties arise from the ventilation rate and the floor loss) 
Heat balance equations at air and structure points can be written as: 
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Equation (2-2) determines the rate of change of the internal air temperature. This will be zero when 
the heating   balances the two loss terms. Equation (2-3) determines the rate of change of the 
structure temperature. 
Figure 2-1c shows a more simplified electrical circuit analogous of a building envelope model based 
on the heat transfer equation between indoor and outdoor.  
K=U.A
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Figure 2-1c: Schematic of a more simplified building model which analogy between thermal and 
electrical conduction 
 
More specifically, the heat flow   through the building envelope is equal to the building envelope 
heat transfer coefficient or transmittance   multiplied by the heat transfer surface area   and by 
the difference between the building indoor and outdoor temperature    and    , respectively. Table 
2-1 presents electrical analogy of heat transfer equation. The heat flow   is an analogy of the 
current   flowing through a resistance   when there is a difference between the voltage     and    . 
Depending on the direction of the flow  , heat is lost or gained by the building, so that heating or 
cooling energy is respectively required to maintain a predefined indoor setting point. This schematic 
representation is sometimes referred to as Newton’s approximation, and plays a key role in 
indicating the main parameters that affect the thermal energy consumption of a building (apart from 
internal gains, solar gains, etc, which anyway usually play a smaller role), that is, the transmittance 
related to the building envelope, and the difference between indoor and outdoor ambients. 
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Table 2-1: Electrical analogy of heat transfer equation 
Heat transfer equation Electrical circuit equation 
  
   
  
                
   
  
              
     heat flow (W)      current (A) 
     heat transfer coefficient or transmittance (W/m2K) 
     Transfer surface area (m2) 
           hermal conductance (W/K) 
     resistance (Ω) 
       hermal capacity of the air (J/K)      capacitance (F) 
      indoor temperature (K)       voltage at node   (V) 
      outdoor temperature (K)       voltage at node   (V) 
 
2.6 Building characteristics 
In this section, some general characteristics of different domestic and commercial buildings are 
illustrated and discussed. Then, some information on typical stocks of houses in London is provided 
as a starting point for thermal load modelling analyses. 
2.6.1 Generalities on building characteristics 
The thermal load of generic buildings is to be modelled starting by the physical building 
characteristics and the factors related to human behaviour. The main characteristics needed to be 
identified, apart from the outdoor temperature profile, are building floor area and dimension, 
heating and cooling temperature setting, people occupancy, building construction and windows.  
Different energy demands are required for different types of buildings. The most influencing factor 
on the energy demand of buildings is the building floor area or volume. In fact, different building 
areas and dimensions are directly related to both the capacitance and resistance terms of the model 
in figure 2-1, resulting in different energy demands required. 
The difference between the indoor and outdoor temperature impacts directly on the heat gained or 
lost by the building (that is, the cooling or heating load), and the indoor temperature is related to 
the cooling and heating temperature settings. In fact, the energy demand for the cooling or heating 
system is the energy required to bring the building indoor temperature to the temperature setting 
point, that is, a target for the indoor temperature set by a thermostat. Relatively large energy 
demand is mainly required when large difference between the indoor temperature and the outdoor 
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temperature occurs. As the difference between the outdoor and indoor temperatures decreases 
during the cooling or heating system operation, the energy demand of the cooling or heating system 
also decreases. When the indoor temperature reaches the setting point, the cooling or heating 
system will now provide energy to maintain the indoor temperature at the setting point against the 
changes of the outdoor temperature, internal gains, etc. The energy demand required at steady-
state, when the temperature has reached the setting point, typically much lower than the energy 
demand when the system is started up, due to the transient required to cover a certain temperature 
gap between actual indoor temperature and the setting point.  
In order to save energy, the difference between the outdoor temperature and the thermostat 
setting temperature can be set relatively low for some periods when there is relatively less 
requirement of comfort level. For example, adjusting the thermostat temperature setting of the 
heating system at low temperature during night time when people are in bed or when the building is 
unoccupied is a sound energy saving strategy. For the cooling system, the thermostat temperature 
setting for cooling can be set relatively high (or the cooling system can be even turned off) when the 
building is unoccupied. For this reason, in general the thermostats of cooling and heating systems 
are designed to be able to be set to follow the occupancy patterns of the buildings. 
For heating system, there are two thermostat temperatures that can be set, namely, heating 
setpoint and heating setback. In terms of definitions, the heating setpoint temperature is the ideal 
temperature where and when heating is required. The heating setback temperature is the setting of 
the heating thermostat for buildings that require a low level of heating during unoccupied periods to 
avoid condensation/frost damage or to prevent the building becoming too cold and to reduce peak 
heating requirements at startup. Similarly to the heating system, there are two thermostat 
temperatures that can be set for the cooling system, namely, cooling setpoint and cooling setback. 
The cooling setpoint temperature is the ideal temperature where and when cooling is required. The 
cooling setback temperature is the setting of the cooling thermostat for buildings that require a low 
level of cooling during unoccupied periods to prevent the building becoming too hot and to reduce 
the startup cooling load the next morning. An appropriate length of the period for setpoint and 
setback is also required in the setting. The change of cooling/heating setpoint/setback and their 
period results in different energy demand required by the buildings. 
People occupancy is related to the internal heat gain of the building. The heat dissipating by people 
is related to the number of people in the building and to their activities. For examples, the density of 
people in an office is higher than in a house. People who are sleeping will dissipate less heat than 
people who are working. The number of people in the building can be identified in terms of number 
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of people in the building or number of people per building floor area (people/m2). The relevant 
activities carried out by people can be typically identified on the basis of the building type 
(residential building, school, office, etc.). 
The building construction type is primarily related to the resistance term of figure 2-1, as well as to 
the capacitance term. General construction types of a building can be specified in terms of their 
construction mass for insulation purposes, namely, light-weight, medium weight, and heavy-weight 
construction. The template of DesignBuilder [5] provides the reference of a typical UK building 
construction called Part L 2006 medium weight. The construction characteristics are primarily 
related to the thermal mass, a property that enables building materials to absorb, store, and later 
release significant amounts of heat. For instance, buildings constructed of concrete and masonry 
exhibit better energy-saving advantages because of their inherent thermal mass, as these materials 
absorb energy slowly and hold it for much longer periods of time than less massive materials do.  
The characteristics of building windows are also related to the resistance term of figure 2-1. Double 
glazing windows provide a better result than single glazing windows to keeps the building at a 
constant temperature because there is a vacuum in between two layers of glass, which increases the 
insulation level or, which is the same, the thermal resistance between outdoor and indoor. In fact, 
there is no air or particles of any kind in the vacuum, so that heat cannot be conducted through it 
and heat inside the building cannot be lost to outside, and vice versa. 
2.6.2 Domestic building characteristics 
With reference to the information of the main building characteristics described previously, 
examples of building characteristics are shown below to exemplify typical figures. In terms of 
housing stocks, in general the UK dwelling types can be divided into 4 main categories, namely, 
detached houses, semi-detached houses, terrace houses and flats. General information on UK 
dwelling dimension and construction types can be found in [13],[14],[29]. Statistical data [30] to [34] 
provides the number of building and building type. Typical occupancy period of UK dwellings is taken 
from DesignBuilder template [5]. Hence, average characteristics of domestic buildings representative 
of London is shown in table 2-2. These characteristics are then used in a simulation for domestic 
buildings to generate the results throughout the chapter. 
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Table 2-2: Average UK’s new domestic building characteristics 
Type Detached house Semi-Detached Terrace  Flat 
Floor area of each house  152m2  111m2 112m2 71m2 
Dimension of each house 
Length x Width x Height (m) 
7.6 x 5 x 6 5.5 x 5 x 6 5.6 x 5 x 6 10 x 7.1x 3 
Number of bedrooms 4 3 3 2 
Number of bathrooms 2 2 1 1 
Heating set point  18oC, 6.00-9.00 and 16.00-23.00 
Heating setback  - 
Cooling set point  24oC, 6.00-23.00 
Cooling setback  - 
Number of People  4 3 2 1 
Construction type Cavity Wall 
Roof U-Value = 0.16 W/m2K  
Wall U-value = 0.35 W/m2K  
Floor U value = 0.25 W/m2K  
Glazing type Double glazing U-value = 2.0 W/m2K  
Air infiltration 0.5 ac/h 
 
On the basis of the average information found for buildings, a base case of building thermal models 
has been implemented in DesignBuildier and used as input to EnergyPlus. More specifically, it is 
assumed that a typical detached house, semi-detached house and terrace house have two storeys 
each 3m in height. For a typical block of flats it can be assumed that each has one storey. A detached 
house model is shown in figure 2-2 (top left). Semi-detached houses (top right) are modelled as 2 
blocks of houses with a common wall. Terrace houses (bottom left) are modelled by 4 blocks of 
houses with common walls. Flats (bottom right) are modelled by a 4-storey building with 8 blocks of 
flats.  
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Figure 2-2: Typical models of a detached house, semi-detached house, terrace and flat 
 
2.6.3 Commercial building characteristics 
Likewise for domestic buildings, for illustrative purposes the number and the total floor space of 
London retail stores and office buildings are available from statistical data [33]. Supermarket floor 
space information can also be found in [34]. The typical models of a retail store, an office and a 
supermarket are shown in figure 2-3, top left, top right and bottom respectively. These average 
models worked out have been drawn in DesignBuilder and used as EnergyPlus inputs to derive base 
cases of commercial buildings. Average characteristics are shown in table 2-3. These characteristics 
are then used in a simulation for commercial buildings to generate the results throughout the 
chapter. 
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Table 2-3: London commercial building characteristics 
Type Retail store Office Supermarket 
Number of storey 1 4 1 
Floor area (m2) 163 341 1100 
Dimension of each storey (m) 12.7 x 12.7 x 3 8.5 x 10 x 3.5 33.2 x 33.2 x 4 
Heating set point (oC) 20 22 20 
Heating setback (oC) 12 12 12 
Cooling set point (oC) 23 24 23 
Cooling setback (oC) - - - 
Setpoint period 7.00 – 19.00 7.00 – 19.00 8.00 – 22.00 
People density (people/m2) 0.11 
Construction type Cavity Wall 
Roof U-Value = 0.16 W/m2K  
Wall U-value = 0.35 W/m2K  
Floor U value = 0.25 W/m2K  
Glazing type Double glazing U-value = 2.0 W/m2K  
Air infiltration 0.5 ac/h 
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Figure 2-3: Typical model of a retail store, an office and a supermarket  
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2.7 Example of typical load profiles of buildings 
All typical building models from the previous section have been implemented in DesignBuilder and 
EnergyPlus software to point out typical thermal load characteristics. The assumptions of the 
simulations are as follows: 
1. London Gatwick weather data including solar radiation is used for the simulation. 
2. The simulations are setup from a designated day of minimum temperature (2nd 
December 2002) and a designated day of maximum temperature (19th August 2002) for 
all four types.  
3. All building types are built with the typical UK Part L 2006 medium weight construction 
material given in DesignBuilder software. 
The typical heating and cooling energy demand profiles of a detached house, a semi-detached 
house, a terrace, and a flat in the low- and high- temperature designated days are given in figure 2-
4a and 2-4c. The typical heating and cooling energy demand profiles of an office, a retail store and a 
supermarket in the low- and high- temperature designated days from the simulation are given in 
figures 2-5a and 2-5c. The building indoor and outdoor temperatures of the low- and high- 
temperature designated days are shown in figures 2-4b, 2-4d, 2-5b and 2-5d.  
The previous models are used for illustrative purposes of different types of buildings that could be 
simulated, with the final purpose of deriving an aggregated load profile of a large group of buildings 
from the combination of the implemented single building models. 
Figures 2-4a is for a typical working household and assumes no energy consumption for space 
heating during the day. These profiles have a higher peak than for those where heating operates 
throughout the day and which are examined in chapter 3. A detached house has the highest heating 
demand in winter and this is because it has the highest floor area. The second highest energy 
demand is a semi-detached house followed by a terrace house and a flat respectively. A semi-
detached house has higher energy demand than a terrace house with a similar floor area because a 
semi-detached house has higher building outdoor surface area than a terrace house. As a 
consequence relatively more heat is dispersed to the externally. A flat has the lowest heating 
demand because it has the lowest floor area. 
  
Chapter 2– Thermal load modelling  
   
59 
 
  
Figure 2-4a: Typical domestic heating load profiles of the designated low-temperature day 
 
 
 
Figure 2-4b: Domestic indoor and outdoor temperatures at the designated low-temperature day 
 
Figure 2-4b shows that the indoor temperatures of all types of house are not significantly different 
on a winter day. 
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Figure 2-4c: Typical domestic cooling load profiles at the designated high-temperature day 
 
Similar to the heating demand in figure 2-4a, figures 2-4c shows the cooling demand expected in the 
south of the UK regions. It can be seen that a detached house has the highest cooling demand in 
summer because it has the highest floor area. The second highest cooling demand is a semi-
detached house followed by a terrace house and a flat respectively. 
   
Figure 2-4d: Domestic indoor and outdoor temperatures at the designated high-temperature day 
 
Similar to figure 2-4b, figure 2-4d shows that the indoor temperatures of all types of house are not 
significantly different on a summer day. 
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Figure 2-5a: Commercial heating load profiles at the designated low-temperature day 
 
   
Figure 2-5b: Commercial building indoor and outdoor temperatures at the designated low-
temperature day 
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Figure 2-5c: Commercial building load profiles at the designated high-temperature day 
 
   
Figure 2-5d: Commercial building indoor and outdoor temperatures at the designated high-
temperature day 
 
Figure 2-5a and 2-5c shows that supermarkets consume the highest energy demand in winter 
following by offices, retail stores and houses respectively. Figure 2-5b and 2-5d shows the 
differences of indoor temperatures among different types of buildings due to the difference of their 
temperature settings. 
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The cooling system load patterns exhibit different shape from the heating load patterns. More 
specifically, the heating load profiles have a peak at the morning when the outdoor temperature 
tends to be the lowest. The cooling load profiles are peak at the early afternoon when the outdoor 
temperature is the highest. In addition, for different buildings different cooling and heating set-
points of each building type result in different amplitude of the thermal load profiles. Besides this, 
the amplitudes of all load profiles are dependent on the building floor areas and physical 
construction. In particular, the largest part of heating and cooling energy demand is related to the 
size of the building: with the same building construction, the larger the building size, the greater the 
energy consumption.  
2.8 Factors influencing building energy demand 
In this section, the main factors influencing the building energy demand are investigated. These 
factors comprise location of buildings, insulation level, season (with relevant outdoor temperature 
profiles and typical indoor temperature settings), and building activities. Further factors that 
influence building energy demand are studied later on in the sensitivity analysis section. The office 
model is used as a base case for the analyses. 
2.8.1 Location 
In the UK, daily temperature patterns for typical seasons can be at first approximation grouped 
according to the geographical characteristics in the north, centre and south of the UK.  
Figures 2.6a and 2.6c show the cooling and heating demands of the office at different geographical 
locations; the north (Aberdeen), the middle (Finningley) and the south (London). Figures 2.6b and 
2.6d show the indoor temperature profiles of the office at different geographical locations. 
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Figure 2-6a: Cooling energy demand of the office at the designated high-temperature day at 
different UK locations (north, centre and south) 
 
   
Figure 2-6b: Outdoor temperatures at the designated high-temperature day at different UK locations 
(north, centre and south) 
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Figure 2-6c: Heating energy demand in offices at the designated low-temperature day at different 
UK locations (north, centre and south) 
 
   
Figure 2-6d: Outdoor temperatures at the designated low-temperature day at different UK locations 
(north, centre and south) 
 
Figure 2-6 shows that the average outdoor temperature profile depends indeed on the latitude. The 
lower the latitude, the higher the average temperature profile. Thus, the lower the latitude, the 
higher the cooling energy demand for air-conditioning but the lower the heating demand.  
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2.8.2 Building insulation level 
Thermal energy demand depends on the building thermal inertia and on the transmittance U. In 
particular, the building insulation level (in terms of the equivalent U-value as composed of the 
various components such as walls, windows, doors, roof, etc.) affects both the inertia and the heat 
flow exchange characteristics with the external environment, according to the schematic R-C model 
previously illustrated. 
Figure 2-7 shows the cooling and heating demand of the same office building with different 
insulation levels. 
 
  
Figure 2-7a: Cooling energy demand profiles of offices at different insulation levels 
 
For cooling loads, when the outdoor temperature is higher than the indoor temperature (typical 
case), a well-insulated building requires less cooling energy. However, it can be noticed that if the 
indoor temperature exceeds the outdoor one, a well-insulated building may require more cooling 
energy. This peculiar situation could for instance occur in the case of an office in the early morning, 
following extensive overnight heat gain from equipment. 
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Figure 2-7b: Heating energy demand profiles of offices at different insulation levels 
 
For heating loads, if the outdoor temperature is lower than the indoor temperature a well-insulated 
building requires less heating energy, as expected. However, apart from the qualitative behaviour, it 
can be appreciated how it is possible to draw detailed characteristics of the thermal load patterns 
for the different insulation levels, which affect both the capacitance and the resistance terms. 
2.8.3 Season 
 
Currently, the UK witnesses its electrical peak demand in wintertime. However, recently a steep 
increase of demand for cooling power has been observed, above all in urban areas. Therefore, for 
system-wide analyses it is crucial to understand how the thermal demand changes with the season 
of the year, also in the light of a potential shift towards summertime peak loads. Figure 2-8 shows 
cooling and heating demand profiles of the office in different seasons. 
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Figure 2-8: Heating/Cooling energy demand profiles of the office in different seasons 
 
From the simulation results, heating load profiles are as expected the highest in winter, with, for 
instance, a morning peak in the office heating load profile of approximately 28kWth. Cooling load 
profiles are as expected the highest in summer, with a peak in the office cooling load profile of 
approximately 27kWth. Hence, the peak of cooling load profile in summer is similar to the peak of 
heating load profile in winter.  
2.8.4 Building activities 
Typical building activities can be synthetically divided into 3 groups, namely: 
– Day time activity group: There are activities in the building from morning until evening. 
Typical examples can be offices, universities libraries, museums, and galleries. 
– Day and evening time activity group: There are activities in the building from morning until 
night. Typical examples are restaurants and retail stores. 
– 24 hours activity group: There are activities in the building throughout all day, for instance in 
hospitals and hotels. 
Using the office as a base case building, different building activities (taken from DesignBuilder 
software building activity template [5]) have been chosen to simulate cooling and heating demand 
for each building activity. Figure 2-9 shows the cooling and heating demand profiles of the office 
with different building activities (different temperature settings and periods). 
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Figure 2-9aa: Cooling energy demand profiles of offices with day time activity group 
 
The cooling demands of day time activity group (figure 2-9aa) start in the morning during 6.00-8.00 
and end in the evening during 16.00-20.00. 
 
 
Figure 2-9ab: Cooling energy demand profiles of offices with day and evening time activity group 
 
The cooling demands of day and evening time activity group (figure 2-9ab) start in the morning 
during 5.00-10.00 and end in the evening at midnight. 
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Figure 2-9ac: Cooling demand profiles of offices with 24 hour activity group 
 
The cooling of 24 hour activity group is required throughout the day (figure 2-9ac).  Figures 2-9 aa, 
ab and ac show that the energy demand of buildings in each activity group is based on the periods 
when the buildings are occupied. The cooling peak demands for all building activity groups tend to 
have the same peak period in the afternoon, that is, when the outdoor temperature is the highest. 
  
Figure 2-9ba: Heating demand profiles of offices with day time activity group 
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Figure 2-9bb: Heating demand profiles of offices with day and evening time activity group 
 
Figures 2-9 ba and bb show that the heating peak demand of the buildings in the “day time” and in 
the “day time and evening” activity groups occurs during the low outdoor temperature in the 
morning when the heating systems on. 
  
Figure 2-9bc: Heating demand profiles of offices with 24 hour activity group 
 
Similar to figure 2-9ac, figure 2-9 bc show that the 24 hour activity group energy demand is related 
mainly to the outdoor temperature during the day. The energy demand of buildings in this activity 
group is less fluctuating and less “peaky” than for the other groups, as a consequence of the fact 
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that the cooling and heating systems are continually operating throughout the 24 hours. In figure 2-
9bc, there is no heating demand for the hospital in this study during the day because there are very 
high heat dissipation from hospital equipment (given in DesignBuilder activity template [5]). 
2.9 Sensitivity analyses 
This section illustrates how it is possible to derive mathematical models for sensitivity analyses on 
the main parameters identified for characterizing the thermal energy requirements of a building. In 
this respect, for illustrative purposes the heating energy requirements for a typical model of a 
detached house from previous simulations is used as base case. The energy load profiles simulated 
in the base case represent the references point in the sensitivity analyses. The same approach could 
also be applied in general to other residential buildings as well as commercial buildings such as 
offices, hotels, etc., for both heating and cooling modelling. 
Besides the insight information provided by sensitivity analyses, the relevant mathematical models 
developed can be used to generate a number of different load profiles from different building 
characteristics starting from the base ones. Hence, it is possible to model to large extent various 
diversity aspects that can be encountered, and represent more closely realistic and large building 
stocks, as illustrated in Chapter 3. The main factors investigated in the sensitivity analyses 
considered here are: volume of the building, number of houses or flats in a block, number of storeys, 
ratio of width to length of the building, building orientation, and number of people in the building.  
In each simulated case, the obtained overall energy demand is divided by the base case energy 
demand. The resulting “scaling factors” thus provide information on the energy demand relevant to 
the different cases with respect to the base case. Once the different scaling factors are known, an 
overall diversity model can be implemented to generate an aggregated load profile for system-wide 
analysis. The curve fitting algorithms of Matlab [35] (based on the least square error method) are 
used to find a relation between the scaling factors and the considered determinants. 
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2.9.1 Floor area of the building 
 
Figure 2-10a: Relationship between the floor area of the building and the heating energy demand 
 
The greater the building area, the greater the heating energy required, with a change of about 
similar ratio of the floor area changes. This is mainly because greater air volume needs greater 
energy supply to meet the temperature setting requirements. The energy required for heating is in 
linear proportion with the energy stored in the zone air inside the building, which results in a linear 
proportion with the volume of the building. 
2.9.2 Number of terrace houses or flat blocks 
 
 
Figure 2-10b: Relationship between the number of terrace houses or blocks of flats and the heating 
energy demand 
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The higher the number of terrace houses or of flats in a flat block, the lower the heating energy 
required. This is because of the lower ratio of the building outdoor surface area and the building 
volume, so that relatively less heat is dispersed to the external. This ratio does not change 
significantly with relatively large number of terrace or block of flats. In the specific case analysed, 
Figure 2-10b shows that the scaling of the terrace houses or flats when the number of units is higher 
than 12 can be considered roughly as a constant (saturation point), with a specific heating 
requirement almost 40% less than the base case of single house unit. 
2.9.3 Number of storeys 
 
 
Figure 2-10c: Relationship between the number of storeys in the building and the heating energy 
demand 
 
As the building height increases, the building can obtain higher solar energy because of higher 
building surface area facing the sun. Thus, the heating demand decreases by 15% with the number 
of storeys changing from 4 to 12. 
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2.9.4 Ratio of the width to length of the building 
 
 
Figure 2-10d: Relationship between the ratio of the width to the length of the building and the 
heating energy demand 
 
The building with the width equal to the length has a minimum ratio of building envelope surface 
area to building volume. At this point, the building has the optimal insulation performance, and 
minimum heating energy is required. However, the change is not substantial, with a decrease in 
energy requirement of 10% while the ratio passes from 0.5 to 1. 
2.9.5 Number of people in the building 
 
 
Figure 2-10e: Relationship between the number of people in the building and the heating energy 
demand 
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The greater the number of the people in the building, the greater the amount of energy they 
dissipate, then the lower the heating energy requirement, as the internal gains support the heating 
system. The energy dissipating from people is related to the heat dissipating from internal mass of 
building as shown in figure 2-1, with a change in heating requirement of about 15% passing from an 
empty building to a high-density building. 
2.9.6 Orientation of the building 
 
 
Figure 2-10f:  Relationship between the orientation of the building and the heating energy demand 
 
The building with the windows facing south receives more solar energy, so that less heating energy is 
required. At the orientation of 0 degree, the house wall with the highest window area is facing 
south, so that the house receives high solar energy and tends to need low heating demand. At the 
different orientation of the house, the heating energy demand changes because of the high-
windowed area that faces the sun. As the building orientation varies from 0 to 360 degree, the 
heating energy demand is minimum at the orientation for which the high-windowed area is facing 
south. As a result, the relationship between heating energy demand and orientation reflects a 
sinusoidal form. In this case study, the difference between the minimum and maximum heating 
energy demand is anyway less than 1.5% when the building orientation change from 0 to 360 
degree, hinting a relatively small correlation between thermal demand and orientation. 
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2.10 DSM control actions 
This section discusses a number of different control actions that can be implemented for HVAC 
systems, and how the energy demand of the building is consequently modified. The control actions 
should be carried out while meeting a minimum comfort level constraint. In this respect, variation in 
the thermostat temperature setting is a typical and straightforward control action that could be 
implemented while keeping track directly of the comfort level of the building’s occupants. Therefore, 
the relationship between the comfort level and the temperature setting, the duration of the control, 
and the building insulation level, are studied. Apart from the thermostat setting, the possibility of 
adjusting the capacity of the cooling system as a control action, the possible modelling of this 
strategy in EnergyPlus, and the implications for such control action are also discussed.  
2.10.1 Comfort level 
In order to somehow quantify the concept of comfort level, a discomfort index [36] has been 
heuristically introduced in the USA, indicating levels of discomfort caused by humidity and 
temperature variation and defined as: 
Discomfort index = 0.81 x ambient temperature + 0.01 x relative humidity 
x (0.99xambient temperature-14.3) + 46.3         
 
>85 :  Unbearably hot (All people suffer from the heat) 
80-85 :  Hot and perpetrate (sic) (All people feel discomfort) 
75-80 :  Relatively hot (More than 50% of people feel discomfort) 
70-75 :  Comfortable (Some feel discomfort) 
60-70 :  Neither comfortable nor uncomfortable 
55-60 :  Chilly 
<55 :  Cold 
 
As a further example, in the case of Japanese people, a survey indicates that when the index hits 77 
then 65% of the surveyed people are said to feel discomfort form heat, while when the index 
reaches 85 the relevant rate of discomforted people is 93%. 
The discomfort index could be used to formulate specific constraints within an optimization problem 
aimed at reaching a given objective function while adopting suitable DSM control strategies. For the 
illustrative examples in the sequel, the discomfort index will be used alternatively to the indoor 
temperature change resulting from a given control action as the metric indicating the comfort level. 
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In general, a maximum change of 5 °C in the indoor temperature is considered below as threshold 
before causing breach of the minimum comfort level required, for both heating and cooling.  
2.10.2 Temperature set point 
By changing the temperature set point, the energy demand of the building changes. Figure 2-11 
shows cooling and heating demand of the office at different temperature setpoints. 
 
 
Figure 2-11a:  Cooling energy demand of the office at different temperature set points  
 
For cooling loads, the lower the cooling set point temperature, the higher the air conditioning 
energy requirement. 
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Figure 2-11b: Heating energy demand of the office at different temperature set points  
 
For heating, the higher the heating set point temperature, the higher the heating energy 
requirement. The energy demand required to bring the indoor temperature of the building to the set 
point temperature is at first approximation a linear function of the difference between the 
temperature set point and the outdoor temperature, as discussed previously for the electrical 
analogy of thermal phenomena. 
2.10.3 The temperature setting during the control 
Besides static changes, the energy demand of buildings can be “dynamically” controlled by adjusting 
the building thermostat setting, as from the previous section. For example figure 2-12 shows the 
energy demands of a typical office when different control actions are carried out on the HVAC 
system. For cooling, the control actions comprise turning off the (A/C) system, and increasing the 
thermostat setting by 1oC, 2oC or 3oC from the 24oC original setting point during the period 10.30-
12.30. For heating, the control actions comprise turning off the heating system, and decreasing the 
thermostat setting by 1oC, 2oC or 3oC from the 22oC original setting point during the period 8.00-
10.00.  The “no control” label refers to the base case. 
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Figure 2-12a: Cooling energy demands of the office at different control temperatures with the same 
control duration 
 
  
Figure 2-12b: Heating energy demands of the office at different control temperatures with the same 
control duration 
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From the exemplificative pictures (figure 2-12a and 2-12b), it can be seen in the case of turning the 
A/C and heating systems off that the energy demand reduction during the off period is the highest 
but then results in the highest payback demand, which represents the additional amount of energy 
that is consumed when the control action is released in order to bring the controlled device back to 
the equilibrium at the end of this period. More specifically, the higher is the thermostat setting for 
the cooling system or the lower the thermostat setting for the heating system, the greater is the 
energy demand reduction during the controlled period, but the higher is the payback at the end of 
the control period. The ratio of the payback power (the maximum peak) demand occurring after the 
control period to the power reduction during the control period is approximately 0.5 for the cooling 
system and 0.25 for the heating system. The ratio of the payback energy demand (the area of the 
graph) occurring after the control period to the energy reduction during the control period is 
approximately 0.6 for cooling system and 0.5 for heating system. However, when the A/C system or 
heating system is turned off, the temperature in the building may exceed that of the occupants’ 
comfort level. In fact, as also discussed above, any control actions should (or could) be constrained 
by minimum comfort level requirements as set by the occupants of the building themselves. 
 
  
Figure 2-12c: Indoor temperature of the office at different cooling control temperatures with the 
same control duration 
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Figure 2-12d: Indoor temperature of the office at different heating control temperatures with the 
same control duration 
 
During the control action consisting in turning the A/C or the heating systems off, there is no 
cooling/heating power generated. During the control action consisting in increasing/decreasing the 
thermostat setting, the cooling/heating demand drops suddenly immediately after the control action 
has started (see the through in figure 2-12c and 2-12d) because the indoor temperature is suddenly 
beyond (below/above) the setting point. When the indoor temperature reaches the new thermostat 
setting point, the cooling/heating demand is stabilised and the generated power is such as to 
maintain the indoor temperature at the setting point. The cooling/heating demand profiles during 
this period mainly depend, then, on the difference between the indoor and outdoor temperature, as 
well as on internal gains and so forth. 
2.10.4 Duration of the control 
Figure 2-13a and 2-13b show the energy demands for respectively cooling and heating of the 
considered buildings using different control durations. The cooling and heating systems for the 
building are turned off for 30, 60, 90 and 120 minutes starting from 10.30 for the cooling system and 
8.00 for the heating system. We have discussed above that the control actions should meet 
minimum comfort level constraints.  
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Figure 2-13a: Cooling energy demands of the office when the cooling system is off, with different off 
durations 
 
  
Figure 2-13b: Heating energy demands of the office when the heating system is off, with different off 
durations 
 
Figure 2-13a and 2-13b show that, turning the A/C and heating systems off for 120 minutes the 
energy reduction during the off period is the highest but that results in the highest payback demand. 
It can be concluded that the longer the duration of the off period, the more the energy reduction 
during the off period but the higher the payback demand. 
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Figure 2-13c: Indoor temperatures of the office when the cooling system is off, with different off 
durations 
Therefore, for example, if the indoor temperature is limited to 30oC in cooling conditions (see figure 
2-13c), the possible control action may be to turn off the A/C system for 30 minutes between 10.30 
and 11.00.  
  
Figure 2-13d: Indoor temperatures of the office when the heating system is off, with different off 
durations 
On the other hand, if the minimum indoor temperature is limited to 16oC when we are heating (see 
figure 2-13d), the possible control action may be to turn off the heating system for 30 minutes 
between 8.00 and 8.30. 
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Figure 2-14a: Discomfort index of the office when the cooling system is off, with different off 
durations 
It can be seen from figure 2-14a that to turn off the air-conditioning system for 30 minutes from 
10.30 to 11.00, results in a discomfort index of 76. Therefore, if the system is turned off for longer 
than 30 minutes will cause people discomfort. 
  
Figure 2-14b: Discomfort index of the office when the heating system is off, with different off 
durations 
Figure 2-14b shows that to turn off the heating system for 30 minutes from 8.00 to 8.30, result in a 
discomfort index of 62. 
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Figure 2-15a: Discomfort index of offices when the cooling system thermostat is increased by 3oC 
from 24oC, with different durations. 
Figure 2-15a shows that an increase of 3oC (from 24oC) in all control durations for cooling results in 
an increase in the discomfort index from 71 to 74. 
  
Figure 2-15b: Discomfort index of offices when the heating system thermostat is decreased by 3oC 
from 22oC, with different durations. 
Figure 2-15b shows that a decrease of 3oC (from 22oC) in all control durations for heating results in a 
decrease in the discomfort index from 67 to 63.5. This level of discomfort is within the acceptable 
range assumed above. 
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 In our case study, a discomfort index of 70-75 is used to approximate a maximum indoor 
temperature range between 24oC and 27oC in the case of cooling, while and a discomfort index of 
65-68 is used to approximate a minimum indoor temperature range between 19oC and 22oC in the 
case of heating. 
2.10.5 Role of the building insulation level during the control action 
Figure 2-16 shows that when an office cooling or heating system is turned off, the indoor 
temperature increases or decreases faster, respectively, in a building with poorer insulation with 
respect to better insulation.  
  
Figure 2-16a: Indoor temperatures of offices with different building insulation levels when the 
cooling system is off, with the same off duration 
 
Since the discomfort index rises or falls quickly in proportion to the indoor temperature of the 
building, it can then be generally concluded (and quantified) that a longer shut off duration is less 
tolerable for less insulated buildings. 
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Figure 2-16b: Indoor temperatures of offices with different building insulation levels when the 
heating system is off, with the same off duration 
 
2.10.6 The role of building size during the control action  
Figure 2-17 shows that during the control actions larger buildings tend to exhibit lower indoor 
temperature rise (in cooling case) or fall (in heating case) than smaller buildings.  
   
Figure 2-17a: Indoor temperatures of offices with different sizes when the cooling system is off, with 
the same off duration  
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Figure 2-17b: Indoor temperatures of offices with different sizes when the heating system is off, with 
the same off duration 
 
The smaller building has the larger ratio of building envelope surface area to building volume so that 
relatively more heat is dispersed to the external. However, with the building size increasing 4, 9 and 
16 times of the base case, the difference of indoor temperature rise or fall during the control actions 
are approximately of 2oC, so not particularly substantial. 
2.10.7 Capacity control  
Commercial air-conditioning and heating systems will typically have multiple units and to minimise 
part load and therefore inefficient operation, the number of units operating will be controlled 
depending on the heating or cooling demand. The operation of the multiple units should achieve 
their overall maximum COP at each part load condition. Building thermal simulation software tools 
are typically designed to simulate control actions that modify the temperature setting, which is the 
main control variable, rather than the system capacity. Hence, EnergyPlus simulates the energy 
demand of buildings and the indoor temperature changes based on the setting of the thermostat, 
and it is not adapted to simulate forced part load capacity actions and the relevant effects on the 
indoor temperature, apart from a completely “off” strategy. However, it is still possible to estimate 
to a first approximation the relation between forced capacity of multiple units and the indoor 
temperature changes by simulating changes to the indoor temperature settings. For example, by 
adjusting a range of thermostat settings, it can be estimated in which conditions a part load is 
obtained (for instance, half load capacity). More specifically, the energy demand effect is checked 
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for different thermostat settings and for different durations for each control; when the energy 
demand reaches the half way point between zero and the full load level, half load capacity is roughly 
estimated to be reached too; therefore, to a first approximation the indoor temperature 
corresponding to the thermostat setting considered is roughly equivalent to the temperature that 
would be reached by forcing the HVAC system into half load. 
 
 
Figure 2-18a: Illustration of approximated simulation of capacity control (up to roughly half capacity) 
of an office cooling system where the time period is fixed and the thermostat settings are increased 
gradually 
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From the results of the numerical experiment in figure 2-18a, increasing the temperature setting 
point by 5oC (from 24oC) between 10.30 and 11.30 is equivalent to roughly altering the cooling 
system down to half capacity. This experiment is also applied to the heating system. 
 
Figure 2-18b: Illustration of approximated simulation of capacity control (up to roughly half capacity) 
of an office heating system where the time period is fixed and the thermostat settings are decreased 
gradually 
 
Figure 2-18b shows that decreasing the temperature setting point by 2.5oC (from 22oC) between 
8.00 and 10.00 is roughly equivalent to altering the heating system to about half capacity. 
Commenting further the results, as mentioned above EnergyPlus can provide precise simulation 
results for on-off capacity control, while for part load capacity control tentative simulation are 
0 
5 
10 
15 
20 
25 
07 08 09 10 11 
D
e
m
an
d
 (
kW
th
) 
Hours 
Heating Demand 
No control 
-0.5°C 
-1°C 
-1.5°C 
-2°C 
-2.5°C 
Half load 
18 
18.5 
19 
19.5 
20 
20.5 
21 
21.5 
22 
22.5 
07 08 09 10 11 
Te
m
p
e
ra
tu
re
 (
o
C
) 
Hours 
Heating Temperature 
No control 
-0.5°C 
-1°C 
-1.5°C 
-2°C 
-2.5°C 
Chapter 2– Thermal load modelling  
   
92 
 
needed, leading to approximated results. In particular, the main limitation of the approach to 
estimate capacity control is that the response of indoor temperature during the load control is not 
known. The indoor temperature changes and may even fall out of the comfort temperature range 
without having a direct control, and specific simulations, system by system, are needed to be run to 
investigate what control actions (duration and extent) meet minimum comfort level requirements. 
The control actions using thermostat setting, instead, exhibit the upside that the indoor temperature 
is directly controlled to ensure compliance within the prescribed comfort level range. However, 
notwithstanding the limitation of the capacity control approach, it is still possible to obtain a first 
indication on the effects of such strategy on the building thermal response. 
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2.11 Energy saving by DSM 
There are claims by DSM providers that the consumer will save energy if they participate in a DSM 
programme.  These are supported by reports such as those produced by Climat Mundi [37] which 
suggest that buildings that take part in a DSM intervention use less energy than a control group that 
do not have a load reduction. 
Measurements carried out for the DD-FD project [38] did show that energy reduced during the load 
control period is generally higher than the energy recovered, leading to net energy savings in this 
case.  However, modelling has demonstrated that this energy saving is inherently accompanied with 
the change in indoor temperatures and the corresponding reduction in the comfort level. 
Typical models of a new detached-house and a flat are chosen for the evaluation of the impact of 
DSM actions on the indoor temperature profile and energy consumption. The buildings are situated 
in London and analysis is carried out for a period of 3 cold days using 3 minute resolution. The 
characteristics of domestic building used in the simulations are given in table 2-4. 
Table 2-4: characteristic of domestic buildings used in simulations 
Model 
Floor 
area (m2) 
Insulation 
Roof          
U-value 
(W/m2K) 
Wall        
U-value 
(W/m2K) 
Window 
U-value 
(W/m2K) 
Floor        
U-value 
(W/m2K) 
ac/h 
1.Detached-house 152 Cavity wall 
PartL2006 
Insulation 
0.16 0.35 2.0 0.25 0.2 
2. Flat 71 
 
It is assumed that the heating set point average temperature is 18oC, maintained between 6.00-9.00 
and 16.00-23.00, while heating system is switched off outside these hours. The following two cases 
are analysed: (i) No DSM applied and (ii) DSM applied on day 2 only, with 15, 30 and 60 minute 
durations of interruptions of heating, starting at 17.00. 
Figures 2-19a and 2-19b show the air and the wall temperature profiles without DSM in the 
detached-house and flat respectively. We note that both indoor air temperature and wall 
temperature follow the trend of outdoor temperature changes and the heating patterns. We also 
observe that the changes in the wall temperature are much lower than the changes in the air 
temperature. This is due to higher thermal inertia of the wall when compared to air, and this slows 
down the air temperature fall when the heating is off. 
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Figure 2-19a Air and wall temperature profiles of the detached-house with no DSM 
 
 
Figure 2-19b Air and wall temperature profiles of the flat with no DSM 
 
We also note that the drop in the wall temperature when the heating is off is more significant in the 
detached house than in the flat as expected (in the case of flat, there are a number of neighbouring 
flats in the same building which will result in lower heat loss). 
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Figures 2-20a and 2-20b show the three-day heat demand and temperature profiles with and 
without DSM for a detached-house in the study. It can be seen from figure 3 that when the heating 
system operates, the heat demand ranges between 3kWth and 5kWth.  
 
 
Figure 2-20a Heat demand profiles with and without DSM (detached-house) 
 
 
Figure 2-20b Temperature profiles with and without DSM (detached-house) 
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Similarly, Figures 2-21a and 2-21b show the three-day heat demand and temperature profiles with 
and without DSM for the flat, with the heat demand ranging between 1kWth and 2kWth when the 
heating system operates.  
 
Figure 2-21a Heat demand profiles with and without DSM (Flat) 
 
 
Figure 2-21b Temperature profiles with and without DSM (Flat) 
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detached house drops rapidly due to the short time constant of the air and reaches the minimum of 
15.8oC (for 15 min interruption), 14.3oC (for 30 min interruption) and 13.9oC (for 60 minute 
interruption). Similar trend is observed in the flat, although the internal temperature drops are 
slightly less and reach 16.2oC (for 15 min interruption), 15.3oC (for 30 min interruption) and 14.9oC 
(for 60 minute interruption). For the duration of control period of 60min, we note that the 
temperature in the flat is about 1oC higher than in the detached house due to lower heat losses in 
the flat.  
We also observe that the drop in temperature in the first 15 min of control is larger than the change 
temperature in the last half hour of control. Clearly there is temperature stabilising effect when the 
air temperature is close to the wall temperature. 
 
 
Figure 2-22a Indoor air temperature profiles with and without DSM during the period in which DSM 
actions are applied (detached house) 
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Figure 2-22b Indoor air temperature profiles with and without DSM during the period in which DSM 
actions are applied (flat) 
 
Figures 2-23a and 2-23b show the heat demand profiles for a 15, 30 and 60 minutes interruption, for 
the detached house and flat respectively. We observe that that as the interruption duration 
increases the larger amount of heat is needed to recover the indoor temperature. In other words, 
the longer the load reduction period is the more heat will be needed during the load recovery 
period.  However, it is important to notice that the energy needed during load recovery is 
substantially less than the energy not supplied during the interruption. 
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Figure 2-23a Enlarged heat demand profiles with and without DSM of a detached-house in the study 
during the period which DSM are applied 
 
Figure 2-23b Enlarged heat demand profiles with and without DSM of a detached-house in the study 
during the period which DSM are applied 
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will be influenced by the duration of the interruption in day 2 (energy recovery). As expected, the 
longer the duration of interruption in day 2, the higher the energy to be recovered in day 3. 
Table 2-5: Heating energy and power of detached-house 
Detached-house No DSM 
DSM interruption on day2 only 
15min 30min 60min 
Energy of day1(kWhth) 35.03 35.03 35.03 35.03 
Energy of day2(kWhth) 43.25 42.63 41.97 40.46 
Energy of day3(kWhth) 45.05 45.14 45.25 45.47 
Energy of all 3 days(kWhth) 123.33 122.80 122.24 120.96 
Peak demand (kWth) 5.1 5.1 5.1 5.1 
 
Table 2-6: Heating energy and power of flat 
Flat No DSM 
DSM interruption on day2 only 
15min 30min 60min 
Energy of day1(kWhth) 12.58 12.58 12.58 12.58 
Energy of day2(kWhth) 15.88 15.67 15.49 15.02 
Energy of day3(kWhth) 16.68 16.72 16.78 16.89 
Energy of all 3 days(kWhth) 45.15 44.98 44.85 44.49 
Peak demand (kWth) 2.0 2.0 2.0 2.0 
 
This simulation shows that DSM can save energy, although the interruption of heating involved will 
be accompanied with reductions in indoor temperature and may compromise the comfort levels. 
The energy reduction period will be followed by the energy recovery period, although the energy 
recovered is less than the energy saved. Of course, any “loss of comfort” cannot be recovered. 
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Chapter 3 – Aggregation model of thermal loads for system-wide assessment 
Domestic and non-domestic buildings comprise different types of building and also various building 
types. As widely explained above, the main factors influencing the building energy demand are, 
besides outdoor conditions, building structure, building dimensions, building orientation, thermostat 
temperatures, and the number of people. This chapter studies how the overall energy demand from 
an aggregated group of buildings, to be used for system-wide analyses, can be modelled. In 
particular, an aggregation algorithm that takes into account building diversity relevant to all the 
different thermal load determinants are derived from the relation between each factor and the 
energy demand. The algorithm is based upon a bottom up modelling approach, through which a 
large number of load profiles can be aggregated based on statistical data available. 
3.1 Domestic heating and hot water load profile  
According to the classification adopted in this document, domestic buildings include detached 
houses, semi-detached houses, terrace houses, and flats. Here, a methodology for load aggregation 
for residential buildings is presented. In addition, also the energy used for domestic hot water 
(DHW) production is taken into account and suitably modelled.  
3.1.1 Load profile of domestic heating systems 
In order to simulate thermal load diversity in the models developed for residential buildings 
(detached, semi-detached, terrace, and flat households), the building structure, building volume, 
building dimension ratio, building orientation, temperature set point, and number of people are 
randomised based on available statistical data.  
According to the indications from the American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE), the comfort temperature for a typical work place is 21.1oC. We 
can assume that the same temperature also applies in the UK. The typical heating temperature set 
point for a bedroom as given in DesignBuilder is 18oC. The typical temperature set point for a UK 
dwelling case study given in [12] is 19oC. Therefore the thermostat settings are assumed here to be 
between 18 and 22oC. The heating setbacks are set 6oC lower than the temperature set point 
(heating set point), which is a typical trade-off between comfort level and energy efficiency. The 
heating setpoint and heating setback share assumed for buildings is shown in table 3-1. The heating 
set point time is mainly set based on the DesignBuilder template (6.00-23.00). Then, diversity for 
heating set point time is assumed as in table 3-2. 
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Table 3-1: Heating set point and heating setback of houses 
Heating set point Heating setback Percentage Assumption (%) 
20oC 14oC 10 
19oC - 15 
18oC - 50 
17oC - 15 
16oC - 10 
 
Table 3-2: Heating set point time 
Heating set point period Percentage Assumption (%) 
4.00-21.00 5 
4.30-21.30 10 
5.00-22.00 10 
5.30-22.30 15 
6.00-23.00 20 
6.30-23.30 15 
7.00-24.00 10 
7.30-00.30 10 
8.00-01.00 5 
 
The floor area of the houses is assumed to be between 50% and 150% of the typical model. The ratio 
of the length to the width is 1 if the house floor is square. It is assumed that the ratio varies between 
0.5 and 1. The number of people for the average 85m2 floor area house is assumed to be between 
0.01 and 0.03 people/m2 which is approximately 1-3 people for the average UK household. However, 
more people may live in shared flats in London. Different numbers of terrace houses, blocks of flat 
and different number of storeys in blocks of flats are assumed. The assumed scaling factors of the 
buildings are shown in table 3-3. 
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Table 3-3: Scaling factors of buildings 
Factors Minimum Maximum 
Building floor area 50% 150% 
Ratio of the length to the width 0.5 1 
Occupancy 0.01 people/m2 0.06 people/m2 
Number of terrace blocks 4 10 
Number of flat blocks 4 12 
Number of flat storeys 4 12 
 
Well-designed buildings normally have the door and windows facing south. It is assumed that the 
house orientation is as shown in table 3-4.  
Table 3-4: Orientation of buildings 
Orientation to the north (degrees) Percentage Assumption (%) 
0-30 25 
151-210 50 
331-360 25 
 
It is assumed that their construction is of the following types: solid wall, cavity wall, or cavity wall 
with partL2006 insulation standard. The construction diversity considered for the building stocks is 
shown in table 3-5.  
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Table 3-5: Construction type of buildings  
Model Age Insulation 
Roof          
U-value 
(W/m2K) 
Wall        
U-value 
(W/m2K) 
Window 
U-value 
(W/m2K) 
Floor        
U-value 
(W/m2K) 
ac/h 
Percentage 
Assumption 
(%) 
Old 
built 
before 
1944 
Solid wall 0.29 2.2 2.2 0.6 1.2 38 
Modern 
built 
1945-
1984 
Cavity wall 0.29 1.6 2.2 0.6 1.2 53 
New 
Build 
built 
1985 or 
later 
Cavity wall 
PartL2006 
Insulation  
0.16 0.35 2.0 0.25 0.5 9 
 
The percentages of working people in buildings are from the UK statistical data and can be adjusted 
based on statistical data for the UK. The patterns of occupancy are the inputs of EnergyPlus to 
simulate energy demand profiles of randomised building types. 
The composition of households in the UK 2002 [12] is given in table 3-6. Occupancy patterns for 
households are shown in table 3-7. Occupancy patterns for households with one or more residents 
are shown in table 3-8. 
Table 3-6: Occupancy pattern of people 
Scenario Type Unoccupied period Percentage 
1 Part-time working morning session 1/2  9:00–13:00   3.97 % 
2 Full-time working  9:00–18:00 34.94 % 
3 Part-time working 2/3  9:00–16:00   3.97 % 
4 Not working  N/A 53.15 % 
5 Part-time working afternoon session 1/2  13:00–18:00   3.97 % 
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Table 3-7: Composition of households in the UK 2002 
Number of persons in the household 1 2 3 4 5 
6 or 
more 
Proportion of households with the 
specified number of people 
31% 35% 16% 13% 4% 1% 
 
Table 3-8: Household occupancy patterns  
Unoccupied time patterns [hours] 
1 resident 2 residents or more 
1. 9:00–13:00 1. 9:00–13:00 
2. 9:00–18:00 2. 9:00–18:00 
3. 9:00–16:00 3. 9:00–16:00 
4. Always occupied 4. Always occupied 
5. 13:00–18:00 5. 13:00–18:00 
 6. 13:00–16:00 (for pattern 2. occupied with 5.) 
 
The unoccupied periods in table 3-8 represents the time of the day when the house is empty.  For 
instance, for two residents or more, point 2 in the table Indicates that the house is empty from 9.00 
to 18.00.  
Heating profiles for detached-house, semi-detached house, terrace and flat with different occupancy 
patterns in table 3-8 are simulated using London weather data 2002. The EnergyPlus simulations are 
run on 15 April, 19 August, 15 October and 2 December for spring, summer, autumn and winter 
respectively. For illustrative purpose, the heating demand in winter of new, modern and old 
detached-houses in the study with different occupancy patterns given in table 3-8 are shown in 
figures 3-1. 
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Figure 3-1a: Winter heating demand profiles of a new detached-house with different occupancy 
patterns 
 
Figure 3-1a shows that the peak demand of the new detached-house in the morning is 
approximately 8.5 kWth. The peak demand in the evening is approximately 7.5 kWth for the 
unoccupied period 9.00-18.00.  
 
Figure 3-1b: Winter heating demand profiles of a modern detached-house with different occupancy 
patterns 
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Figure 3-1b shows that the peak demand of the modern detached-house in the morning is 
approximately 17 kWth. The peak demand in the evening is approximately 15.5 kWth for the 
unoccupied period 9.00-18.00. These demands are about two times higher than the demands of the 
new detached-house. 
 
Figure 3-1c: Winter heating demand profiies of an old detached-house with different occupancy 
patterns 
 
Figure 3-1c shows that the peak demand of the old detached-house in the morning is approximately 
20.5 kWth. The peak demand in the evening is approximately 18 kWth for the unoccupied period 
9.00-18.00. These demands are slightly higher than the demands of the modern detached-house. 
National statistics from 2007 reveal that in the UK there were 21,037,000 people working full-time 
and 7,173,000 working part-time. Of the UK population of 60,209,500 people, there are 31,999,500 
people not in work. Therefore, the percentage of full-time workers, part-time workers and 
unemployed (including children) is 34.94% 11.91% and 53.15% respectively. The average number of 
people per household for England in 2006 was 2.32 [39]. Since the percentage of each part-time 
working pattern is not given it is assumed that the proportions of all part-time working patterns are 
the same (3.97%). However, the 5 separate scenarios shown in table 3-6 are used for calculation 
purposes. 
The methodology for generating an aggregated thermal load profile is synthesized in figure 3-2. The 
upper part of the picture shows that the population is divided into 5 types (see table 3-6). Starting 
from the composition of the given households, Matlab [35] is used to randomise the population 
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(“Randomised Population” box) into each household type as from table 3-7 (a more-than-6-person 
household is assumed to be the same as a 6-person household). The pattern of the time when each 
household is unoccupied is derived from the five scenario types shown in table 3-6. These patterns 
are used as the inputs for the EnergyPlus simulation to obtain the energy load profile of a detached-
house, used as the base case (“Detached houses” block). The energy demand profiles of the other 
different building types (semi-detached, terrace and flats) and also different building typologies are 
diversified using scaling factors derived from the sensitivity analysis. The input ranges of the scaling 
factor equation are based on the previous diversity assumptions. The final load profile of different 
building types are modelled by multiplying the base case load profile by the total scaling factor 
(“Diversity factors” blocks). The framework to obtain the DHW load profiles is similar and is 
described in the next section. The total load profiles of each house are the sum of their heating load 
profiles and their DHW load profiles (“Randomised heating load profiles and DHW load profiles” 
block). 
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Figure 3-2: Methodology for generating aggregated domestic heating and DHW load profiles 
  
Chapter 3– Aggregation model of thermal loads for system-wide assessment  
   
110 
 
3.1.2 Load profile of domestic hot water (DHW) 
HVAC systems operating as heat pumps might also be used to provide DHW to buildings. Hence, the 
DHW energy demand is also analysed here to complete the studies on building thermal energy 
demand.  
The energy used for DHW depends on several factors, such as the required water temperature, the 
water volume requirement per person, and the household size. Individual households have a wide 
variation in consumption, though household size has been shown to be a major impacting factor 
[12]. Mash adapted the results from Hall and Butler and obtained figures for the hot water 
consumption per person per day [40]. These figures are used for the calculation of the DHW energy 
profile. The daily energy-consumption can be calculated using the following equation: 
 
    
                 
    
                             
 
where       is the domestic hot water energy consumption (kWhth/day); 
      the specific heat capacity of water (4.187 kJ/kg K); 
     the density of water (1000 kg/m
3); 
     the daily volume of hot water consumed for each component (m
3/day); 
      the water output temperature (
oC); 
      the water input temperature (
oC) . 
 
The domestic hot water load can be calculated by 
 
    
              
  
                             
where     is the domestic hot water load (kWth); 
   the water flow rate (litre/minute); 
     the specific heat capacity of water (4.187 kJ/kg K); 
     the water output temperature (
oC); 
      the water input temperature (
oC) . 
 
The Building Research Establishment (BRE) [41] suggests that most people find flow rates of less 
than three litres per minute in a shower unacceptable. Currently there are no upper limits on flows 
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in the UK, while in the US maximum flow rate is 9.5 litres per minute. For simplicity, a flow rate of 5 
litres per minute for bath/shower, wash hand basin and dish washing by hand is used in the model. 
It is assumed that the people will wash their hands approximately every 3 hours and they will wash 
the dishes after dinner. The typical domestic hot water load for a person is shown in table 3-9. The 
probable figures for use during each unoccupied pattern are given in tables 3-10 to 3-14. The 
difference between the water input and output temperatures in summer is assumed to be less than 
in other seasons; however, it is also considered that people tend to consume more water. The 
assumption of input temperatures and water flow rates in the different seasons is shown in table 3-
15. 
 
Table 3-9: Typical domestic hot water load in the UK household (1 person) 
Appliance/use Typical DHW 
flow rate 
(litres/minute) 
Average 
duration 
(minutes) 
Water output 
temperature 
(oC) 
Water input 
temperature 
(oC) 
    
(kWth) 
Bath/shower 5 7.5 40 10 10.47 
Wash hand 
basin 
5 3.75 35 10 8.73 
Dish washing 5 7.5 55 10 15.7 
 
Table 3-10: Probable use : unoccupied 9.00-13.00 
 
  
DHW Bath/shower Wash hand basin Dish washing 
    (kWth) 10.47 8.73 15.7 
Duration (minutes) 7.5 3.75 7.5 
Probable using 
Period 
7.00-8.30 13.00-15.00 
15.00-18.00 
18.00-21.00 
21.00-24.00 
19.00-24.00 
Total Energy (kWhth) 1.31 2.18  1.96 
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Table 3-11: Probable use : unoccupied 9.00-16.00 
 
Table 3-12: Probable use : unoccupied 9.00-18.00 
 
Table 3-13: Probable use : occupied all day 
 
DHW Bath/shower Wash hand basin Dish washing 
    (kWth) 10.47 8.73 15.7 
Duration (minutes) 7.5 3.75 7.5 
Probable using 
Period 
7.00-8.30 6.00-9.00 
16.00-18.00 
18.00-21.00 
21.00-24.00 
19.00-24.00 
Total Energy (kWhth) 1.31 2.18 1.96 
DHW Bath/shower Wash hand basin Dish washing 
    (kWth) 10.47 8.73 15.7 
Duration (minutes) 7.5 3.75 7.5 
Probable using 
Period 
7.00-8.30 6.00-9.00 
18.00-21.00 
21.00-24.00 
19.00-24.00 
Total Energy (kWhth) 1.31 1.64 1.96 
DHW Bath/shower Wash hand basin Dish washing 
    (kWth) 10.47 8.73 15.7 
Duration (minutes) 7.5 3.75 7.5 
Probable using 
Period 
7.00-22.00 6.00-9.00 
9.00-12.00 
12.00-15.00 
15.00-18.00 
18.00-21.00 
21.00-24.00 
19.00-24.00 
Total Energy (kWhth) 1.31 3.27 1.96 
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Table 3-14: Probable use : unoccupied 13.00-18.00 
 
Table 3-15: Assumption of input temperature and water consumption in the different seasons 
Seasons 
Water input temperature 
(oC) 
Water flow rate 
(% of the winter) 
Winter 10 100 
Spring 12 110 
Summer 15 120 
Autumn 12 110 
 
The average heating load profiles, DHW profiles, and the sum of both heating and DHW profiles after 
aggregation of 1000 houses have been calculated for four building categories, namely, detached 
house, semi-detached house, terrace and flat. In addition, three characteristics days, namely, 
weekday and weekends, have been modelled, assuming that fulltime workers are away from home 
50% on Weekends. Simulations have been carried out on each typical day for four seasons, namely, 
spring, summer, autumn and winter. 
The diversified average of heating load profiles, DHW profiles and heating load including DHW load 
profiles of different building typologies and different seasons for weekday and weekends are thus 
shown in figure 3-3 to 3-8. 
 
DHW Bath/shower Wash hand basin Dish washing 
    (kWth) 10.47 8.73 15.7 
Duration (minutes) 7.5 3.75 7.5 
Probable using 
Period 
7.00-12.00 6.00-9.00 
9.00-13.00 
18.00-21.00 
21.00-24.00 
19.00-24.00 
Total Energy (kWhth) 1.31 2.18  1.96 
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Figure 3-3: Average weekday heating load profiles of different building typologies 
 
It can be concluded from figure 3-3 that thermal load profiles are the highest in winter, as expected, 
with an average overall morning peak of the detached-house load profile of approximately 14kWth. 
The peak drops to about 7kWth in the mid-seasons (spring and autumn). During summer, the heating 
system is not required. 
 
Figure 3-4: Average weekday DHW load profiles of different building typologies 
 
Figure 3-4 shows that there is only the DHW usage at approximately 400W during the day with a 
morning and evening peak of approximately 1.5 kWth. 
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Figure 3-5: Average weekday heating and DHW load profiles of different building typologies 
 
It can be seen in figure 3-5 that all together, a detached-house consumed more thermal energy than 
a semi-detached house, a terrace and a flat with the same building construction type, occupancy 
patterns, etc. This is a consequence of the prevailing weight of heating energy requirements over 
DHW. 
 
Figure 3-6: Average of terraced house heating load profiles of weekdays and weekends 
 
Figure 3-6 shows that the peak of the load profiles of each building type on weekdays and weekends 
are essentially the same. There are only small differences in load profile shapes from day to day. 
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More specifically, the amplitude of the weekday load profile is slightly lower than that of weekend 
because the residents do not use the heating system when they are at work. 
 
 
Figure 3-7: Average of terraced house DHW load profiles of weekdays and weekends 
 
In summer, the difference between the water input and output temperature is less than in other 
seasons, but people tend to use higher water flow rates. Therefore, the DHW load profile is almost 
the same in all seasons as shown in figure 3-7. 
 
Figure 3-8: Average of terraced houses heating and DHW load profiles of weekdays and weekends 
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Figure 3-8 shows that the amplitude of the weekday load profile is slightly lower than that of 
weekend because the residents do not use the heating and DHW system when they are at work. 
However, DHW load profiles are comparatively small when compared with heating load profiles, as 
mentioned earlier. 
 
This study is based on the assumption that the heating system settings are similar to the occupancy 
patterns of the residents. The highest percentage of occupancy is the percentage of people who are 
not working (this percentage includes children and elderly people). However, these residents who 
always occupied in houses (unoccupied time pattern 4 in table 3-8) are likely to set the heating 
setting on only in the morning and evening (unoccupied time patterns 1, 2 and 3 in table 3-8) rather 
than leave the heating system on during the day when occupied. Therefore, the average aggregated 
heating profile shape will be different from the results given in figures 3-3 and 3-6 due to a lower 
percentage of the always occupied time patterns and a higher percentage of the morning and 
evening occupied time patterns. 
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3.2 Cooling and heating load profiles of non-domestic buildings 
The non domestic models included so far in the analysis entail offices and retail stores. In this study, 
the office model is used as a base case model for the aggregation analysis. The factors influencing 
the energy demand are those presented in chapter 2. 
Starting from the typical cooling set point at 24oC and 23oC, given in DesignBuilder software for 
general office and retail store, the office and retail store cooling set points are assumed between 22 
and 26oC and between 21.5 and 24.5oC respectively. The typical heating set point at 20oC and 22oC 
for general office and retail store, the office and retail store heating set points are assumed between 
20 and 24oC and between 19.5 and 21.5oC respectively. The diversities in cooling and heating set 
points are shown in table 3-16 to 3-18.  
Table 3-16: Cooling and heating set points of offices 
Cooling set point Percentage Assumption (%) 
22oC 10 
23oC 15 
24oC 50 
25oC 15 
26oC 10 
Heating set point Percentage Assumption (%) 
20oC 10 
21oC 15 
22oC 50 
23oC 15 
24oC 10 
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Table 3-17: Cooling and heating set points of retail stores 
Cooling set point Percentage Assumption (%) 
21.5oC 10 
22oC 15 
23oC 50 
24oC 15 
24.5oC 10 
Heating set point Percentage Assumption (%) 
19.5oC 10 
19oC 15 
20oC 50 
21oC 15 
21.5oC 10 
 
Table 3-18: Cooling and heating set point periods of offices and retail stores 
Cooling and Heating set point period Percentage Assumption (%) 
5.00-17.00 5 
5.30-17.30 10 
6.00-18.00 10 
6.30-18.30 15 
7.00-19.00 20 
7.30-19.30 15 
8.00-20.00 10 
8.30-20.30 10 
9.00-21.00 5 
 
The floor areas of the offices are assumed to lie in range between 20% and 180% of the typical 
model as present in section 2.6.3. The ratio of the length to the width is assumed to vary between 
0.5 and 1 (ratio equal to 1 means that the office floor is square). The number of people for the 
average 341m2 office is assumed between 0.08 and 0.13 people/m2. The scaling factors used in the 
analysis are shown in table 3-19. In addition, well-designed buildings normally have doors and 
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windows facing south, so that further scaling is assumed regarding building orientation, as shown in 
table 3-20. 
Table 3-19: Scaling factor of buildings 
Factors Minimum Maximum 
Building floor area 20% 180% 
Ratio of the length to the width 0.5 1 
Occupancy 0.08 people/m2 0.13 people/m2 
Number of blocks 1 10 
Number of storeys 2 12 
Table 3-20: Orientation of buildings 
Orientation to the north (degree) Percentage Assumption (%) 
0-30 25 
151-210 50 
331-359 25 
 
From the national statistical data regarding UK building age year 2003 [42], approximate 50% of 
office buildings were built before 1940. The insulation of these buildings is assumed equivalent to 
solid wall uninsulated medium weight construction in DesignBuilder Software. Approximate 18% 
were built between 1940 and 1970, 6% were built between 1971 and 1980 and 12% were built 
between 1981 and 1990. The insulation of these buildings is assumed equivalent to cavity wall 
uninsulated heavy weight construction in DesignBuilder Software. Approximate and 12% were built 
between 1991 and 2003. Their insulation level is assumed to meet the partL 2006 standard 
equivalent to medium weight constructions given in DesignBuilder software. It is assumed that 2% 
were built after 2003. Their insulation level is assumed better than partL 2006 which is equivalent to 
best practice medium weight construction given in DesignBuilder software. 
Likewise the office buildings, retail stores were approximate 68% built before 1940. Approximate 
18% were built between 1940 and 1970, 5% were built between 1971 and 1980 and 7% were built 
between 1991 and 2003. It is assumed that 2% were built after 2003.  
The construction type diversity developed with reference to the building age is thus shown in table 
3-21 and 3-22. 
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Table 3-21: Construction type of buildings 
Level of 
Insulation 
Insulation 
DesignBuilder 
Insulation 
Roof          
U-value 
(W/m2K) 
Wall        
U-value 
(W/m2K) 
Window 
U-value 
(W/m2K) 
Floor        
U-value 
(W/m2K) 
ac/h 
Very Good 
Cavity wall 
with 
Insulation 
Best practice 
medium weight 
0.15 0.25 2.0 0.15 0.3 
Good 
Cavity wall 
with 
Insulation  
PartL 2006 
medium weight 
0.16 0.35 2.0 0.25 0.5 
Medium 
Cavity wall 
without 
Insulation 
Uninsulated 
heavy weight 
2.93 1.5 6.12 1.46 1.0 
Poor 
Solid wall 
without 
Insulation 
Uninsulated 
medium weight 
2.93 2.07 6.12 1.46 1.0 
 
Table 3-22: Percentage assumption of construction type of buildings 
Level of Insulation 
Percentage of office 
buildings 
Percentage of retail 
store buildings 
Very Good 2% 2% 
Good 12% 7% 
Medium 36% 23% 
Poor 50% 68% 
 
The simulations are carried out on a typical day in each of the four considered seasons. The 
methodology for generating cooling and heating building load profiles is shown in figure 3-9. More 
specifically, the occupied patterns of each building activity (i.e. office, retail store, etc.) from the 
DesignBuilder template are used as inputs to EnergyPlus to simulate base cases of the energy 
demand profiles of the buildings. From the base case of energy demand profiles, scaling factors are 
then used to eventually shape up a typical diversified demand profile for each building type.  
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Figure 3-9: Framework of generating cooling and heating building load profiles 
 
The average load patterns for the four characteristic days, resulting from 100 cooling and heating 
load profiles for different building types with the same floor, are shown in figure 3-10. 
  
Figure 3-10a: Diversified average cooling and heating load patterns of offices  
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Apparently, different building activities result in the different cooling and heating energy demands in 
the buildings, as it is possible to quantify through the approach and the tools discussed. Apart from 
this, and among other aspects, it can be noticed in figure 3-10a that the average morning heating 
peak (during winter) for offices is approximately 35kWth, with no cooling required, while the average 
cooling peak is approximately 25kWth during summer, with no heating required (apart from DHW 
consumption, not shown here). In spring and autumn, the average cooling and heating load of the 
offices is approximately 2kWth and 16kWth respectively.  
 
 
Figure 3-10b: Diversified average cooling and heating load patterns of retail stores  
 
Figure 3-10b shows that the average morning heating peak (during winter) for retail store is 
approximately 13kWth, with no cooling required, while the average cooling peak is approximately 
6kWth during summer, with no heating required (apart from DHW consumption, not shown here). In 
spring and autumn, the average cooling and heating load of the retail store is approximately 1kWth 
and 6kWth respectively. 
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Chapter 4 – Generic model of heating and cooling system devices 
The previous chapters have illustrated how EnergyPlus simulations can be used for modelling of 
building thermal energy demand (both controlled and uncontrolled). In order to link EnergyPlus-
based modelling of thermal energy demand to electric energy demand of HVAC equipment, a 
generic model to convert thermal energy profiles into equivalent electric energy load patterns has 
been developed. Real HVAC data, for both cooling and heating devices, have been used to build and 
tune the generic model developed. In this chapter, reversible HVAC systems are used as a base case 
of the modelling.  
4.1 Reversible HVAC systems 
Most of available HVAC units are reversible machines that can be used for air conditioning (cooling) 
as well as heating and production of hot water (in case). In these latter cases, HVAC systems actually 
operate as heat pumps [43]. In fact, residential air conditioners and commercial chillers operate on 
the same principles as heat pumps, so they can actually be thought of as heat pumps that operate in 
the opposite direction, namely, to cool a building. 
Generally speaking, there are two broad types of chillers/heat pumps, based on either a vapour 
compression cycle or an absorption cycle.  
A vapour compression chiller can be powered by electricity or by mechanical shaft power, with the 
former being the most widespread case.  
An absorption chiller, instead, uses heat rather than electricity as the energy to the thermodynamic 
cycle. Absorption chillers are thus mainly used coupled to heat recovery schemes within industrial 
applications and more recently tertiary ones, besides central cooling plants of district cooling 
systems.  
Considering the scope of this research, only electric chillers, able to operate also reversibly as heat 
pumps, are addressed in the sequel. In the industrial world, the term electric heat pump (EHP) is 
used to indicate this kind of equipment, and will then also be used in the sequel.  
There are two major variants of heat pumps commonly used domestically [44]:  
 
i. Ground-Source Heat Pumps, or Geothermal Heat Pumps, which draw heat from the ground or 
groundwater. Refrigerant is circulated through pipes buried below the ground. Ground-source 
heat pumps are relatively costly and also require a garden or other land large enough to install 
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the cabling and accessible to digging machinery. The relatively constant temperature of the 
ground makes a ground-source heat pump work at a similar efficiency throughout the year. 
 
ii.  Air-Source Heat Pumps utilise the outside air as a heat source, and as such are easier and less 
expensive to install than a ground-source model. An air-source pump consists of two units, one 
inside and one outside. Because air temperature varies more than ground temperature, air-
source heat pumps vary in efficiency throughout the year.  
 
In order to establish a common language, few hints are given below on typical HVAC system 
characteristics, and we’ll consider the exemplificative case of heating generation. To start off, the 
operation of an EHP when it works in heating mode can be schematically described as follows. The 
transfer of heat from cold (outdoor) to warm (indoor) is accomplished through a compression-
expansion cycle involving a refrigerant or working fluid. This heat move against the spontaneous 
heat flow direction (warm to cold) is the primary reason that justifies the name analogy with 
hydraulic pumps. However, the same occurs in cooling mode, when the EHP operating as a chiller 
moves heat from indoor (colder) to outdoor (hotter), so gain against the spontaneous heat flow 
direction. If heat needs to be transferred from the outside to the inside of a building for heating 
purposes, the refrigerant must be cooled (through expansion) to a temperature lower than the 
exterior temperature, so that it can absorb heat from the external hot sink. This absorption occurs 
through a heat exchanger. As the refrigerant absorbs heat, it evaporates, and for this reason the 
heat exchanger is called an evaporator. The refrigerant must then be heated up (by compressing it 
through an electric compressor in the case of an electric machine) to a temperature higher than the 
medium into which the heat is transferred (either air or water, typically), so that it can release heat 
to the energy carrier medium. Once again, the heat transfer occurs through a heat exchanger, in 
which the contact area between the warmed refrigerant and the air or water to be heated is 
maximised. As heat is released from the working fluid, the working fluid condenses, and for this 
reason this heat exchanger is called a condenser. The difference between the evaporator and 
condenser temperature is referred to as the temperature lift, and is a typical design parameter of a 
heat pump. By reversing the direction of flow of the working fluid, the former evaporator serves as a 
condenser, and the former condenser serves as an evaporator, while heat is transferred in the 
opposite direction. Thus, such a system can work reversibly as a heater in winter and an air 
conditioner in summer. 
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Figure 4-1: Operation diagram of a reversible HVAC system operating as a chiller (summer) and as a 
heat pump (winter) 
 
The critical parameter measuring the performance of an EHP is its coefficient of performance (COP). 
When the EHP is used for heating, the COP is the ratio of the heat supplied to the energy carrier 
medium to the electric input to the compressor. In cooling mode, the COP is the ratio of the heat 
removed from the building to the electrical input to the compressor. According to the physical and 
technological aspects involved, the performance of an EHP depends on the performance of the 
compression-expansion cycle, the performance of the heat exchangers, and the performance of the 
compressor. 
4.2 Performance of electric HVAC systems 
This section describes factors influenced on the performance of electric HVAC systems. 
4.2.1 Temperature-related performance of the compression-expansion cycle  
The maximum possible COP of an EHP is the COP of an ideal heat pump, also known as the Carnot 
cycle COP. For cooling, it is given by: 
                 
  
     
                                                                              
where    is the evaporator (or lower) temperature and    is the condenser (or higher) temperature. 
In heating mode, thermodynamics show that 1.0 is added to the above expression to account for the 
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energy input to the EHP, which is ultimately dissipated as heat and, along with the heat from 
outside, is part of the heat supplied to the building. Thus, 
                 
  
     
                                                                     
The ratio of actual COP to that of an ideal EHP is often indicated as the Carnot efficiency (  ), so that 
it is possible to write: 
                   
  
     
                                                                      
The Carnot efficiency typically ranges from 0.3 in conventional small-scale systems to 0.5 in more 
advanced residential units and 0.65 in large, advanced HVAC systems. 
It is interesting to point out how the above relations contain important information to characterize 
the chiller/heat pump performance. More specifically, focusing on heating applications, once that 
the temperature setting of an ambient to be heated is fixed, the COP is a function of the lower 
temperature only. In addition, also the thermal capacity depends on the same parameters, as 
apparent from real manufacturers’ data, which will be discussed below to formulate an equivalent 
model of a reversible EHP. 
4.2.2 Impact of the reversing valve 
The pressure drop and undesired heat exchange with currently available reversing valves reduces 
the system capacity by 10-12% and the COP 6-7%. If an EHP is to be used only for heating or only for 
cooling, then the reversing valve can be omitted. 
4.2.3 Impact of the heat exchangers 
Evaporator must be colder than the heat source from which it draws heat, and condenser must be 
warmer than the air or water of the heat distribution system in order to transfer the heat to it 
(heating operation). Therefore, the required temperature lift between the evaporator and 
condenser is larger than the difference between heat source temperature and sink temperature, 
thereby reducing the heat pump COP. Larger heat exchangers, or heat exchangers that are more 
effective in transferring heat, will minimise these temperature differentials and then increase the 
COP. 
For illustrative purposes, Figure 4-2 from [45] shows how the performance of a real EHP under 
heating mode would change with the outdoor temperature, compared with a theoretical Carnot 
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cycle and a theoretical Carnot cycle with real temperature difference at the heat exchangers (10 °C 
of temperature drop are assumed in the specific case for condenser and evaporator). The difference 
between real and theoretical performance is apparent.  
 
Figure 4-2: Example of EHP performance according to a theoretical Carnot cycle, a theoretical Carnot 
cycle with realistic heat exchanger temperature drops, and a real device 
 
4.2.4 Part-load performance 
As the heating and cooling loads in a building decrease, the heat or cold delivered to the building 
needs to be decreases to keep the temperature at the predefined setting. In conventional systems, 
this is achieved through periodic on/off duty-cycling of the device; the lower the heating or cooling 
load, the greater the fraction of time that the heat pump is shut off. On/off cycling reduces the 
efficiency of an EHP. Alternatively, the compressor load can be partial, also depending on the 
compressor type, for instance varying continuously the load thanks to inverter-based drivers. 
However, the performance of the compressor itself is very much device-specific, and might actually 
decrease or increase at part load [43], so that assessment of part load performance of EHP should be 
referred to the specific equipment. 
4.2.5 General off-design characteristics 
As a last general point, part-load behaviour of electro-thermal devices should be addressed within 
the more general off-design modelling purposes. However, part load information is not usually 
available from manufacturers’ catalogues, so that few theoretical considerations can be drawn in 
this regard within the off-design assessment framework. More specifically, from the above general 
discussions it has been argued how the main parameters determining EHP performance are 
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temperatures of cold and hot sinks (impacting on the cycle performance) and loading level 
(particularly impacting on the compressor performance, also depending on the regulation system 
adopted [43]). However, loading level and condenser and evaporator temperatures are also 
correlated with each other [43]. For example, if the indoor setting temperature is fixed, the cooling 
loading decreases if the outdoor temperature decreases (less cooling is required to keep the set 
indoor temperature). Hence, if on the one hand part-load operation may decrease the chiller 
performance, on the other hand, the lower outdoor temperature implies a better thermodynamic 
cycle performance. The same applies also for heating operation. According to this reasoning, the 
final result is that the COP can be reasonably considered independent of load changes at first 
approximation, and the off-design model of the EHP can be reasonably referred to as a function of 
only the outdoor temperatures (fixed the internal one) for both cooling and heating operation. In 
addition, it must be considered that for relatively larger groups the cooling/heating capacity is 
typically dwindled over several units and variable speed drives are used, which further increases the 
partial load behaviour. Hence, in the sequel the approximation of constant partial load efficiency is 
applied in the analyses run, while more refined models could be applied if specific field-data were to 
be available from field studies. 
4.3 Generic model of HVAC systems using a black-box model approach 
In the previous sections we have highlighted how the performance of a chiller/heat pump primarily 
depends on the temperatures characteristics at the evaporator and condenser heat exchangers, as 
well as on the load (capacity and loading level). Hence, a relatively simple approach to model an EHP 
is based on having, starting from the thermal requirements and temperature conditions, a simplified 
model of the COP as a function of outdoor temperature and load as shown in figure 4-3. More 
specifically,   and   represent electrical energy demands for heating and cooling,   and   are the 
thermal and cooling energy required by the building, T generally indicates outdoor and indoor 
temperatures,      and      are the coefficients of performance of the EHP for heating and 
cooling modes, respectively. 
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Figure 4-3: Black-box approach for HVAC performance modelling 
 
In this way, a straightforward input/output backward approach can be adopted whereby, starting 
from the required output (thermal energy demand – the load as given in output by EnergyPlus 
simulations, for instance) and temperature characteristics (indoor and outdoor), it is possible to 
calculate the desired energy input (electrical energy required by the EHP to generate the needed 
thermal energy, whether cooling or heating). As mentioned above, various cooling and heating 
device types can be found in buildings, such as pure chillers, pure heat pumps, heat recovery 
systems (that can work simultaneously for cooling and heating), and so on. Generally speaking, 
suitable models can be developed using the same black-box approach for all these devices. Once a 
general and simple model is developed, system-wide analyses can be achieved. In the sequel, a 
reversible EHP is used as a general case for modelling. 
In order to endeavour to develop generic and synthetic black-box modelling without drifting from 
the real behaviour of devices, real data from existing equipment is been used. In particular, from real 
data it is possible to feed the black-box model with: 
– curves and/or tables of COP and capacity as a function of the thermal source temperature; 
– curves and/or tables of COP and capacity as a function of the indoor temperature; 
– curves and/or tables of COP as a function of the thermal load (this applies for both rated 
capacity and, in principle, part-load characteristics; however, in the sequel part-load 
modelling will be neglected, as discussed above). 
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4.3.1 Electric heat pump data from Daikin 
As an illustrative example, real EHP data (shown in table 4-1 and 4-2) from Daikin are used below. 
More specifically, the data considered refer to a RXYQ10P system, and the cooling and the heating 
capacities and energy consumption are shown as a function of indoor and outdoor temperatures.  
Table 4-1: Cooling capacity table of a RXYQ10P system 
 
Table 4-2: Heating capacity table of a RXYQ10P system 
 
Once the thermal loads are known from building simulations, the capacity tables are needed to 
determine what type of HVAC system exhibits enough (cooling and/or heating) capacity to supply 
the required peak. Then, on the basis of the same capacity tables, specific characteristics can be 
derived for performance black-box modelling purposes (exemplified in figures 4-4 and 4-5), in order 
to work out the electrical consumption for given temperature conditions. 
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Figure 4-4a: Example of relation between cooling COP and outdoor temperature at different indoor 
temperatures 
 
Figure 4-4a shows that at the same indoor temperature the cooling COP decreases when the 
outdoor temperature and the temperature difference between the outdoor and the indoor 
temperature increases. 
 
Figure 4-4b: Example of relation between cooling COP and indoor temperature at different outdoor 
temperatures 
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Figure 4-4b shows that at the same outdoor temperature, the cooling COP decreases when the 
indoor temperature increases. These data is in good agreement with the theoretical model in 
equation 4-1. 
 
Figure 4-4c: Example of relation between cooling COP and difference between indoor and outdoor 
temperatures at different indoor temperatures 
Figure 4-4c shows that at the same indoor temperature the cooling COP decreases when the 
temperature difference between the outdoor and the indoor temperature increases. 
 
Figure 4-5a: Example of relation between heating COP and outdoor temperature at different indoor 
temperatures  
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Figure 4-5a shows that at the same indoor temperature the heating COP increases when the 
outdoor temperature increases.  
 
Figure 4-5b: Example of relation between heating COP and indoor temperature at different outdoor 
temperatures 
 
Figure 4-5b shows that at the same outdoor temperature, the heating COP decreases when the 
indoor temperature increases. 
 
Figure 4-5c: Example of relation between heating COP and difference between indoor and outdoor 
temperatures at different indoor temperatures 
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Figure 4-5c shows that if the temperature lift between the outdoor and the indoor temperature 
increases, the heating COP for the low outdoor temperature decreases. 
Considering the cooling and heating capacity tables of all Daikin’s systems in the analysed series 
(table 4-1 and 4-2 of other models that are listed in table 4-3 and 4-4), the trend of cooling COP and 
heating COP against the rated capacity are plotted in figure 4-6.  
 
Figure 4-6a: Example of relation between cooling COP and cooling capacity of EHPs at different 
indoor and outdoor temperatures 
 
Figure 4-6b: Example of relation between heating COP and cooling capacity of EHPs at different 
indoor and outdoor temperatures 
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In particular, figure 4-6 shows that at the same indoor and outdoor temperatures, the cooling and 
heating COP decreases with the cooling and heating capacity increase. The three different COP 
intervals in the figure show three different groups of EHP models. 
From the data analysed, and also considering the information provided by the above graphical 
representations, cooling and heating COP black-box model can be derived mathematically by 
applying a multiple linear regression technique. More specifically, multiple linear regressions are 
used to find the relation between indoor temperatures, outdoor temperatures, and cooling and 
heating COP (calculating from the total capacity, TC, divided by power input, IC).  
The multiple linear regression equations can be written in the form: 
                                                                       
                                                                     
where   ,    and    are multiple linear regression coefficients for cooling and   ,   and    are 
multiple linear regression coefficients for heating. In order to exemplify the approach used, let us 
consider an office with a peak demand of cooling and heating of 27 kWth and 29 kWth, respectively 
(see figures 2-5c and 2-5a). The first step is then to select a suitable capacity (at the same indoor and 
outdoor temperature conditions for which the peak loads have been estimated) of the EHP to satisfy 
both cooling and heating loads (we assume here that the HVAC system would be used to provide 
heating, then, besides air conditioning). In the specific case, an EHP model with cooling/heating 
capacity of 28/31.5 kWth is selected. Therefore, by using the relevant information in the performance 
tables, from multiple linear regression it is possible to derive the cooling and heating COP in function 
of the indoor and outdoor temperatures, which yields: 
                                                                  
                                                                     
Hence, from the above relations the COP can be calculated at a specific time from the indoor and 
outdoor temperature occurring at that time. For example, from the considered simulation case 
study at 10.00 in the summer designated day (figure 2-5d) the outdoor temperature is 26oC and the 
indoor temperature is set at 24oC; therefore, from (4 - 6) the relevant cooling COP is 4.9. On the 
other hand, at 10.00 in the winter designed day (figure 2-5b) the outdoor temperature is -0.1oC and 
the indoor temperature is set at 22oC, which leads to a heating COP equal to 3.6 (calculated from (4 - 
7)). 
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For the sake of example, the linear regression coefficients of other EHP models are shown in tables 
4-3 and table 4-4 (the cooling and heating rated capacities correspond to the nominal temperature 
conditions indicated in the catalogue). 
Table 4-3: Multiple linear regression coefficients of cooling COP of EHP models 
EHP model Cooling Capacity C0 C1 C2 
RXYQ5P 14 10.6331 -0.0748 -0.1412 
RXYQ8P8 22.4 11.4152 -0.0778 -0.1525 
RXYQ10P 28 10.0489 -0.0697 -0.1338 
RXYQ12P 33.5 9.2806 -0.0645 -0.1235 
RXYQ14P 40 8.6069 -0.06 -0.1144 
RXYQ16P 45 8.4671 -0.0594 -0.1126 
RXYQ18P 49 8.067 -0.0563 -0.1072 
RXYQ20P8 55.9 10.1453 -0.0708 -0.1349 
RXYQ22P 61.5 9.6443 -0.067 -0.1283 
RXYQ24P 67 9.3274 -0.0662 -0.1237 
RXYQ26P8 71.4 9.1268 -0.0638 -0.1214 
RXYQ28P 77 8.7202 -0.0614 -0.1158 
RXYQ30P 82.5 8.5365 -0.0596 -0.1135 
RXYQ32P 89 8.353 -0.0612 -0.1103 
RXYQ34P 94 8.2428 -0.0575 -0.1095 
RXYQ36P 98 8.0287 -0.0554 -0.1069 
RXYQ38P8 105 9.157 -0.0637 -0.1219 
RXYQ40P 111 8.9978 -0.0661 -0.1191 
RXYQ42P 116 8.7547 -0.0613 -0.1165 
RXYQ44P8 120 8.6812 -0.0604 -0.1156 
RXYQ46P 126 8.4368 -0.0576 -0.1125 
RXYQ48P 132 8.3533 -0.0572 -0.1114 
RXYQ50P 138 8.2055 -0.0569 -0.1092 
RXYQ52P 143 8.1892 -0.0571 -0.1089 
RXYQ54P 147 8.0284 -0.0548 -0.1072 
Average  8.937908 -0.06242 -0.11887 
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Table 4-4: Multiple linear regression coefficients of heating COP of EHP models 
EHP model Heating Capacity H0 H1 H2 
RXYQ5P 16 3.9172 -0.0156 0.0577 
RXYQ8P8 25 4.4479 -0.0188 0.0631 
RXYQ10P 31.5 4.015 -0.0176 0.0716 
RXYQ12P 37.5 4.6113 -0.042 0.0544 
RXYQ14P 45 4.343 -0.0324 0.0592 
RXYQ16P 50 4.0012 -0.0235 0.0623 
RXYQ18P 56.5 4.286 -0.0386 0.0491 
RXYQ20P8 62.5 4.5347 -0.0326 0.058 
RXYQ22P 69 4.294 -0.0291 0.0633 
RXYQ24P 75 4.0464 -0.0221 0.0614 
RXYQ26P8 81.5 4.3236 -0.0325 0.0547 
RXYQ28P 88 4.1402 -0.03 0.058 
RXYQ30P 94 4.4219 -0.0403 0.0517 
RXYQ32P 102 4.3445 -0.0367 0.0537 
RXYQ34P 107 4.1869 -0.0326 0.0558 
RXYQ36P 113 4.2892 -0.0391 0.0499 
RXYQ38P8 119 4.4139 -0.0355 0.0546 
RXYQ40P 126 4.0026 -0.0228 0.0605 
RXYQ42P 132 4.1433 -0.0286 0.0565 
RXYQ44P8 138 4.3258 -0.0358 0.0528 
RXYQ46P 145 4.2264 -0.0343 0.0546 
RXYQ48P 151 4.3808 -0.0395 0.0513 
RXYQ50P 158 4.283 -0.0363 0.0525 
RXYQ52P 163 4.176 -0.0334 0.0538 
RXYQ54P 170 4.3025 -0.0394 0.0501 
Average  4.252192 -0.03156 0.055672 
 
Focusing, for illustrative purposes, on the average coefficients of the cooling COP function obtained 
from multiple linear regression, the outdoor temperature has higher coefficient than the indoor 
temperature (          and           ). Therefore, the cooling COP correlates more closely 
with the outdoor temperature than with the indoor temperature. Therefore, considering that the 
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indoor temperature does not impact largely on the COP, that the indoor temperature does not 
change significantly (i.e., within 5 degrees) during the control actions, and that these control actions 
do not typically last too long, the COP can be considered at first approximation independent of the 
indoor temperature during the control actions. 
The negative coefficients C1 and C2 show an inverse correlation between the indoor and outdoor 
temperatures and the cooling COP. The average C1=-0.06 shows that the cooling COP decreases by 
6% with respect to unitary increase of the indoor temperature. In a similar way, the average C2=-
0.12 shows that the cooling COP decreases by 12% with respect to unitary increase of the outdoor 
temperature. The negative correlation between performance and temperature increase can be 
expected, as for both indoor and outdoor temperatures their increase requires additional work to 
the chiller. 
Similarly, the negative coefficient H1 shows an inverse correlation between the indoor temperature 
and the heating COP. On the other hand, the positive coefficient H2 shows a direct correlation 
between the outdoor temperature and the COP. The average H1=-0.03 shows that the heating COP 
decreases by 3% with respect to a unitary increase of the indoor temperature, while the average 
H2=0.056 shows that the heating COP increases by 5.6% with respect to a unitary increase of the 
outdoor temperature. Again, this result is in line with what expected, as both increasing indoor 
temperature and decreasing outdoor temperature require additional work to the heat pump. 
In general, the cooling COP is more sensible than the heating COP to outdoor changes, with a 
regression coefficient of approximately 12% with respect to the outdoor temperature.  
Figure 4-7 shows the comparison between the real COP from the table and the COP from the 
regression of different heat pump size at specific indoor and outdoor temperatures. The average 
differences between the real COP and the COP from the regression are approximately 5%. The 
cooling COP from the regression is slightly higher than the real COP (figure 4-7a), while the heating 
COP from the regression is slightly higher than the real COP for a heating capacity above 31.5 
kWth(figure 4-7b). A simple way to compensate the error between the COP from the regression and 
the real COP at this specific point of indoor and outdoor temperatures could be to subtract constant 
values (i.e., 0.2 and 0.1) to the coefficients C0 and H0. However, considering the uncertainty in play, 
such a mismatch can be reasonably neglected and the relations found from regression can be 
adopted for a mathematical formulation of the COP black-box model for implementation in a 
simulation code. 
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Figure 4-7a: Example of comparison between real cooling COP from the table and cooling COP from 
regression at indoor and outdoor temperatures of 19oC and 35oC 
 
Figure 4-7b: Example of comparison between real heating COP from table and heating COP from 
regression at indoor and outdoor temperatures of 20oC and 7oC 
 
4.3.2 Approximation of ASHP and GSHP COPs for the UK 
Apart from real EHP data from Daikin, figures 4-8 show the COP data for different air source and 
ground source heat pumps in the UK [46]. For ASHP, the x axis is the difference of water output and 
ambient air temperature. For GSHP, the x axis is the difference of water output and ambient ground 
temperature. By averaging COP graphs in figure 4-8, two simple polynomial functions can be used to 
approximate the COP of ASHP and GSHP for the UK scenario as shown in figure 4-9. 
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Figure 4-8a: The collection data of COP of different air-source heat pump in the UK  
 
Figure 4-8b: The collection data of COP of different ground-source heat pump in the UK 
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Figure 4-9a: An approximation of average COP of air-source heat pump in the UK 
 
 
Figure 4-9b: An approximation of average COP of ground-source heat pump in the UK 
 
Comparing figure 4-9a (the approximation of figure 4-8a) with figure 4-9b (the approximation of 
figure 4-8b), GSHP have a higher COP than ASHP at the same temperature difference between water 
output and ambient air/ground temperature. 
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4.4 An illustrative example of load profile calculation 
An example is shown below to illustrate the application of the proposed approach to calculate the 
electrical load patterns of an HVAC system starting from building thermal requirements. The cooling 
and heating energy demands and the indoor and outdoor temperatures at each time step of the 
simulations are the input to work out the final electrical demand of EHPs. More specifically, the 
electric input demands are the cooling/heating demands divided by the cooling/heating COP as 
calculated at each time step on the basis of the cooling/heating COP functions evaluated at the given 
temperature conditions. The cooling energy demand, cooling COP and electricity demand profiles of 
the heat pump are shown in figure 4-10 for a typical office. The heating energy demand, heating COP 
and electricity demand profiles of the heat pump for a typical office are shown in figure 4-11. 
 
 
Figure 4-10a: Indoor and outdoor temperatures and cooling COP using Daikin manufacture data 
 
It can be seen from figure 4-10a that the cooling COP has negative correlation with the outdoor 
temperature. During the night while the cooling system is off, the indoor temperature is higher than 
the outdoor temperature due to the heat dissipation from the equipment in the office. 
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Figure 4-10b: Cooling energy demand profile, cooling COP and electricity demand profiles of the 
HVAC system using Daikin manufacture data 
 
 
Figure 4-11a: Indoor and outdoor temperatures and heating COP of the HVAC system using Daikin 
manufacture data 
Figure 4-10b shows that the cooling COP is at its lowest during the peak demand. In contrast to 
cooling COP in figure 4-10a, figure 4-11a shows that the heating COP has positive correlation the 
outdoor temperature.  
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Figure 4-11b: Heating energy demand profile, heating COP and electricity demand profiles of the 
HVAC system using Daikin manufacture data 
 
Figure 4-11b shows that the heating COP is the lowest during the peak demand similar to the cooling 
COP in figure 4-10b. 
 
 
Figure 4-12: The comparison of heating COPs of general ASHP, GSHP and Daikin 
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Using the same temperature profile and an approximation of the average heating COP of ASHP and 
GSHP in the UK in figure 4-9, the heating COPs of typical domestic air-to-water ASHP, GSHP along 
with a commercial air-to-air heat pump (Daikin) are shown in figure 4-12. It can be seen that the COP 
of the GSHP is higher than that of ASHP. This is because the heat source is the ground which has a 
higher and more stable temperature than air. Air-to-water heat pumps use water as the heat sink 
which is used for both space heating and for domestic hot water. In the case of the high 
performance commercial air-to-air Daikin ASHP, its heating COP is higher than both the ASHP and 
GSHP because it has a lower sink temperature, i.e. the temperature of the air passing over the 
condenser coil of the air-to-air ASHP is lower than the temperature of the circulated water within 
building of air-to-water ASHP. COPs increase with reduced difference between source and sink 
temperatures, refer to section 4.2. 
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Chapter 5 – Demand Side Management model 
 
This chapter presents the mathematical formulation of load control algorithm. The objective of the 
optimisation is to maximise load reduction or peak reduction over a specified control period through 
the selection of the optimal control strategies to be applied to a group of controllable devices. It is 
intended to be run by an aggregator managing a portfolio of controllable customers so as to 
determine its load reduction capability over a specified control interval.  
 
5.1 Literature review of the DSM model 
Several DSM algorithms have been developed to determine the optimal load control schedules of 
groups of domestic devices [47], [48] and [49]. Most of them aim to minimize peak load or electricity 
production cost over a certain time period.  
Lee and Wilkins [47] present a methodology for scheduling the control actions of water heaters. The 
diversified water heater demand is modelled based on data obtained by monitoring different 
uncontrolled residential water heaters. The payback or the shape of the controlled water heater 
demand for different control actions is also modelled based on empirical data obtained from field 
tests. For a given number of controllable water heaters, the number of water heaters that should be 
controlled following each control strategy is calculated. 
Kurucz, Brandt and Sim [48] present another optimization method based on LP. The approach is an 
extension to that of Lee and Wilkins [47] with the aim of optimising the starting time of each control 
scheme. Cobelo [49] gives a general load shifting algorithm and further improves Kurucz’s model in a 
way that each appliance can be controlled individually and allows devices to be shifted at any 
appropriate time. By doing this, it postpones the consumption of the device later in time, and 
therefore a smaller peak is obtained. Furthermore, Cobelo’s research continues to investigate the 
aggregation of domestic or commercial buildings with appliances that have thermal storage 
capabilities such as air-conditioning and electric space-heating systems. The work has been applied 
to an actual power system in northern Spain [50].  
The contribution of this work to the previous studies lies in the approach developed for modelling 
the behaviour of loads with thermal inertia in London. The typical thermal load models of a domestic 
building, an office, a retail store and a supermarket from the previous section are used to represent 
London buildings. The combination of the implemented thermal load models can be used for 
modelling a large group of small buildings in the London area. The control strategies for a 
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temperature increase of the thermostat setting or for a disconnection of the device during a 
prescribed number of time-steps have been investigated. Using these data, the system load 
reduction can be optimised.  
From the previous literature reviews, Cobelo’s formulation has the best performance of shifting 
algorithm. The formulation [50] is also easy to link with energy demand profiles simulating from 
EnergyPlus. Therefore, Cobelo’s formulation is appropriate to apply for heating and cooling system.  
5.2 DSM formula for heating and cooling systems 
The mathematical formulation of Cobelo’s direct load control (DLC) algorithm [50] is simplified and 
presented below. 
 
Input parameters: 
 
    initial time-step of the control period;  
    final time-step of the control period; 
    time-step duration;  
              forecast load demand of the aggregator in a region including the building demand 
when no control action are applied at time-step  ; 
  building type (e.g. domestic buildings, supermarkets, retail stores and offices). This is 
an integer that varies from 1 to the number of building types   ;  
      number of controllable devices within the group of buildings of type   (e.g. 1000 
domestic air-conditioners); 
       expected consumption at time-step   of the devices of the type   building when no 
control actions are applied (base case).  
  control action. Each action has three components: action (e.g. switch off the device), 
starting time of the action (e.g. 8:00am) and duration of the action (e.g. 30 minutes). 
The strategies can vary for the different building types.  
       expected consumption at time-step   of the devices of the type   building when the 
strategy   is applied.  
Chapter 5– Demand Side Management model  
   
149 
 
Decision variables: 
 
    number of devices of the type   building which are controlled after the optimization 
with strategy  ; 
The aim of the optimization problem is to maximize load reduction over the control interval or to 
minimize final demand over that period. The objective function, based on integer LP, can be written 
as follows:  
           
  
    
                                                                                                
 
where         is the final demand obtained at time-step   after applying the control strategies 
calculated with the optimization algorithm.  
The values of the final load at each time-step are obtained with the following formula: 
 
                                                                                                
 
Where               is an input data representing the expected demand at time-step   and          
is the variation in load that occurs at that time-step when the control actions are applied.          
can be formulated as follows: 
 
 
                  
   
   
  
   
                                                                             
 
where: 
 
       demand variation in relation to the base case of the devices of the type   building at time-
step   when strategy s is applied (W). This is obtained with the following formula: 
                                                                                                          
    number of building type 
     number of control action for building type   
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The final formulation of the optimization problem is obtained by substituting (5-2) and (5-3) in (5-1): 
 
                           
   
   
  
   
      
  
    
                                                       
 
subject to the following constraints: 
 
1. The number of devices controlled cannot be negative: 
 
                                                                                                                  
 
2. The total number of devices connected during the control period for each building type is less 
than the number of all devices: 
 
          
   
   
                                                                                               
 
3. The values obtained for     must be integers.                                  
 
4. Demand after the control period must be below a specified maximum limit. This limit is optional 
and is considered as set by the aggregator in order to ensure that the generated payback is 
within acceptable limits. 
  
                                                                                                                 
 
  
Chapter 5– Demand Side Management model  
   
151 
 
5.3 The proposed extension formulation  
 
Constraint 4 (5-9) limits the demand after the control period below a specified maximum limit. If this 
maximum power limit is adjusted lower, it might be useful for the power system network to reduce 
peak demand in the congestion area. In this situation, the objective function of minimising the 
energy demand is changed to minimise the peak power demand instead. This can be archived by 
adjusting the           constraint in (5-9) to the minimum. The new objective function to minimise 
new peak power demand,     , can be written as follow: 
                                                                                                                               
 
Subject to the new constraint 
                           
   
   
  
   
                                                                  
and also constraints (5-6) to (5-8) of the previous formulation. 
 
 
5.4 Case studies of DSM in buildings 
The studies focus on the aggregation of domestic or commercial buildings with HVAC systems. The 
possible control strategies are established by contract between the end-users and the aggregator 
and can consist of a temperature modification of the thermostat settings or a disconnection of the 
devices for a predetermined period. The algorithm developed is implemented using Dash Xpress 
optimisation software [51]. 
5.4.1 Case study 1: Energy reduction and peak reduction 
A case study of HVAC system during the summer and winter designated day is demonstrated. The 
assumption of daily load curve electricity consumption of city of London region for the summer and 
winter scenario are shown in figure 5-1. These data show electricity consumption on a particular 
summer and winter weekdays. The summer and winter peak load consumption periods are 10.30 – 
12.30 and 16.30 – 18.30 respectively. 
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Figure 5-1: London summer forecast daily load demand  
 
Three different building types are taken into consideration in the study: offices, retail stores and 
supermarkets. Table 5-1 shows the assumed number of HVAC systems that can be controlled within 
each building group. 
 
Table 5-1: Number of Controllable Devices 
Building type Number 
offices 2000 
retail stores 2500 
supermarkets 100 
 
In this case study, the control actions for cooling are similarly set to for all building types. They are 
simulated independently of each other and consist of: 
1) Turn off the cooling system for half hour 
2) Increasing the temperature setting by 3oC for 1 hour, 
  3) Increasing the temperature setting by 2oC for 1.5 hours; and 
  4) Increasing the temperature setting by 1oC for 2 hours;  
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The control actions for heating are similarly set to for all building types.  They are simulated 
independently of each other and consist of: 
1) Turn off the heating system for half hour 
2) Decreasing the temperature setting by 3oC for 1 hour, 
  3) Decreasing the temperature setting by 2oC for 1.5 hours; and 
  4) Decreasing the temperature setting by 1oC for 2 hours;  
 
This information needs to be processed so as to break it down into all control possibilities. The 
control action period is 10.30 – 12.30 and 16.30 – 18.30 at the same time of the winter and the 
summer peak load respectively. 
The next step is then to select a suitable capacity (at the same indoor and outdoor temperature 
conditions for which the peak loads have been estimated) of the EHP to satisfy both cooling and 
heating loads of each building (we assume here that the HVAC system would be used to provide 
heating, then, besides air conditioning). EHP model with cooling/heating capacities of 28/31.5, 14/16 
and 61.5/69 are used for office, retail store and supermarket buildings. 
Daily electricity consumption curves, based on coefficient of performance (COP) derived from the 
regression model for controllable devices of control actions are provided in figure 5-2a to 5-2c. 
These curves represent the electrical energy demand of the expected uncontrolled and all possible 
controlled actions of air-conditioner and space heating for an office, a retail store and a supermarket 
respectively.  
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Figure 5-2a: Consumption curves of an office air-conditioner and space heating uncontrolled and all 
possible controlled actions 
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Figure 5-2b: Consumption curves of a retail store air-conditioner and space heating uncontrolled and 
all possible controlled actions 
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Figure 5-2c: Consumption curves of a supermarket air-conditioner and space heating uncontrolled 
and all possible controlled actions 
 
From the consumption curves presented, load consumption variations in relation to the base case of 
the devices of the type   building at time-step   when strategy   is applied at time-step   are 
obtained. The final formulation of the optimization problem (5-5) and (5-10) is implemented using a 
linear program. The optimal values of the control actions are shown in table 5-2. The final load 
demand curve and detail of the load variation obtained are shown in figure 5-3 and 5-4.  
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Table 5-2a: Optimal control actions of case study 1 for cooling 
Type 
Control 
Action 
Duration Start time 
Number of buildings for 
each objective function 
Total 
Number of 
buildings Energy 
Reduction 
Peak 
Reduction 
Office 
Off 30 min 10.30 0 0 
2000 
Off 30 min 11.00 0 0 
Off 30 min 11.30 0 1 
Off 30 min 12.00 2000 0 
+3C 60 min 10.30 0 112 
+3C 60 min 11.00 0 952 
+3C 60 min 11.30 0 0 
+2C 90 min 10.30 0 935 
+2C 90 min 11.00 0 0 
+1C 120 min 10.30 0 0 
Retail Store 
Off 30 min 10.30 0 0 
2500 
Off 30 min 11.00 0 4 
Off 30 min 11.30 0 633 
Off 30 min 12.00 2500 1421 
+3C 60 min 10.30 0 0 
+3C 60 min 11.00 0 0 
+3C 60 min 11.30 0 0 
+2C 90 min 10.30 0 0 
+2C 90 min 11.00 0 0 
+1C 120 min 10.30 0 1 
Supermarket 
Off 30 min 10.30 0 0 
100 
Off 30 min 11.00 0 0 
Off 30 min 11.30 0 0 
Off 30 min 12.00 0 100 
+3C 60 min 10.30 0 0 
+3C 60 min 11.00 0 0 
+3C 60 min 11.30 100 0 
+2C 90 min 10.30 0 0 
+2C 90 min 11.00 0 0 
+1C 120 min 10.30 0 0 
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Table 5-2b: Optimal control actions of case study 1 for Heating 
Type 
Control 
Action 
Duration Start time 
Number of buildings for 
each objective function 
Total 
Number of 
buildings Energy 
Reduction 
Peak 
Reduction 
Office 
Off 30 min 16.30 0 0 
2000 
Off 30 min 17.00 0 0 
Off 30 min 17.30 0 0 
Off 30 min 18.00 0 0 
-3C 60 min 16.30 0 0 
-3C 60 min 17.00 0 0 
-3C 60 min 17.30 0 0 
-2C 90 min 16.30 0 2000 
-2C 90 min 17.00 2000 0 
-1C 120 min 16.30 0 0 
Retail Store 
Off 30 min 16.30 0 0 
2500 
Off 30 min 17.00 0 0 
Off 30 min 17.30 0 0 
Off 30 min 18.00 0 0 
-3C 60 min 16.30 0 2117 
-3C 60 min 17.00 0 0 
-3C 60 min 17.30 0 0 
-2C 90 min 16.30 0 383 
-2C 90 min 17.00 2500 0 
-1C 120 min 16.30 0 0 
Supermarket 
Off 30 min 16.30 0 0 
100 
Off 30 min 17.00 0 0 
Off 30 min 17.30 0 0 
Off 30 min 18.00 0 0 
-3C 60 min 16.30 0 0 
-3C 60 min 17.00 0 0 
-3C 60 min 17.30 0 0 
-2C 90 min 16.30 0 100 
-2C 90 min 17.00 100 0 
-1C 120 min 16.30 0 0 
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Figure 5-3: Final load demand curves of summer and winter days 
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Figure 5-4: Detail of the load variation obtained 
 
Figures 5-3 and 5-4 show that the DSM using peak reduction as an objective function creates a larger 
peak demand reduction than the DSM using energy reduction. On the other hand, the DSM using 
energy reduction as an objective function provides a large area between the demand with and 
without control action during the control period (larger energy reduction) than the DSM using peak 
reduction.  
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Table 5-3a: The comparison of energy reduction and peak reduction in each case study for cooling 
Objective Function Peak Demand Reduction 
(MW) 
Energy Demand Reduction 
(MWh) 
Peak Reduction 
Energy Reduction 
3.89 
0.35 
5.64 
8.46 
 
Table 5-3b: The comparison of energy reduction and peak reduction in each case study for heating 
Objective Function Peak Demand Reduction 
(MW) 
Energy Demand Reduction 
(MWh) 
Peak Reduction 
Energy Reduction 
5.25 
0 
3.03 
5.39 
 
Table 5-3 shows that the electrical demand for cooling using peak reduction as an objective function 
can achieve approximately 67% energy demand reduction of using energy reduction objective 
function but with a smooth demand curve of approximately 10 times of peak reduction comparing 
with those of energy reduction objective function. For heating, the peak reduction objective function 
can achieve approximately 56% energy demand reduction of the energy reduction objective 
function. However, there is no peak reduction when using energy reduction objective function. 
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5.4.2 Case study 2: Increasing the number of buildings in the control actions 
From the previous direct load control case study, offices have the highest potential to benefit from 
the installation of control equipment and air-conditioning system. Therefore, a case study of control 
actions for offices is investigated. 
Case studies comprise 1000, 2000, 3000 and 4000 offices in control action (     = 1000, 2000, 3000 
and 4000). 
In this case study, the control actions for cooling are similarly set to for all building types and consist 
of: 
1) Increasing the temperature setting by 3oC for 1 hour, 
  2) Increasing the temperature setting by 2oC for 1.5 hours; and 
  3) Increasing the temperature setting by 1oC for 2 hours;  
 
The control actions for heating are similarly set to for all building types and consist of: 
1) Decreasing the temperature setting by 3oC for 1 hour, 
  2) Decreasing the temperature setting by 2oC for 1.5 hours; and 
  3) Decreasing the temperature setting by 1oC for 2 hours;  
  
This information needs to be processed so as to break it down into all control possibilities. The 
control action period is 10.30 – 12.30 and 16.30 – 18.30 at the same time of the winter and the 
summer peak load respectively. 
The final load demand is limited at the peak of the load profile without control action (          = 
Peak of no control action) to ensure that the control action will not increase the peak of the final 
load demand. In this step the DLC is for the energy demand reduction purpose. For the peak 
reduction purpose, the peak of the new demand is minimised.  
The optimal values of the control actions are shown in table 5-4.The final load demand of 1000, 
2000, 3000 and 4000 offices illustrating the control action for energy reduction and peak reduction 
purposes is shown in figures 5-5 and 5-6. 
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Table 5-4a: Optimal control actions of case study 2 for cooling 
Type 
Control 
Action 
Duration Start time 
Number of offices 
1000 2000 3000 4000 
Peak 
Reduction 
+3C 60 min 10.30 24 412 706 706 
+3C 60 min 11.00 641 601 571 571 
+3C 60 min 11.30 287 735 1074 1074 
+2C 90 min 10.30 1 0 0 0 
+2C 90 min 11.00 47 252 408 408 
+1C 120 min 10.30 0 0 2 2 
Energy 
Reduction 
+3C 60 min 10.30 0 0 0 0 
+3C 60 min 11.00 0 0 0 0 
+3C 60 min 11.30 1000 2000 3000 4000 
+2C 90 min 10.30 0 0 0 0 
+2C 90 min 11.00 0 0 0 0 
+1C 120 min 10.30 0 0 0 0 
 
Table 5-4b: Optimal control actions of case study 2 for heating 
Type 
Control 
Action 
Duration Start time 
Number of offices 
1000 2000 3000 4000 
Peak 
Reduction 
-3C 60 min 16.30 852 809 767 725 
-3C 60 min 17.00 0 0 0 0 
-3C 60 min 17.30 0 0 0 0 
-2C 90 min 16.30 148 1191 2233 3275 
-2C 90 min 17.00 0 0 0 0 
-1C 120 min 16.30 0 0 0 0 
Energy 
Reduction 
-3C 60 min 16.30 0 0 0 0 
-3C 60 min 17.00 0 0 0 0 
-3C 60 min 17.30 0 0 0 0 
-2C 90 min 16.30 0 0 0 0 
-2C 90 min 17.00 1000 2000 3000 4000 
-1C 120 min 16.30 0 0 0 0 
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Figure 5-5: Load profiles of the cooling maximum energy reduction with the final energy demand 
limit equal to the peak of the demand without control action and the cooling maximum peak 
reduction of each case study. 
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Figure 5-6: Load profiles of the heating maximum energy reduction with the final energy demand 
limit equal to the peak of the demand without control action and the heating maximum peak 
reduction of each case study. 
 
Figures 5-5 and 5-6 show DSM which aim at maximising energy and peak reduction for both cooling 
and heating. The higher number of offices in the control action increases the peak demand reduction 
and energy reduction (the area between the demand with and without control action during the 
control period). 
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Table 5-5a: The comparison of energy reduction and peak reduction in each case study for cooling 
Number of Offices in 
the control actions 
 in the Case study 
Objective Function Peak Demand 
Reduction (MW) 
Energy Demand 
Reduction 
(MWh) 
1000 
Peak Reduction 
Energy Reduction 
1.87 
0.2 
1.77 
2.07 
2000 
Peak Reduction 
Energy Reduction 
2.77 
0.16 
3.59 
4.13 
3000 
Peak Reduction 
Energy Reduction 
3.46 
0.12 
4.96 
6.2 
4000 
Peak Reduction 
Energy Reduction 
3.46 
0.07 
4.96 
8.27 
 
Table 5-5b: The comparison of energy reduction and peak reduction in each case study for heating 
Number of Offices in 
the control actions 
 in the Case study 
Objective Function Peak Demand 
Reduction (MW) 
Energy Demand 
Reduction 
(MWh) 
1000 
Peak Reduction 
Energy Reduction 
1.75 
0 
1.19 
1.89 
2000 
Peak Reduction 
Energy Reduction 
3.18 
0 
1.54 
3.77 
3000 
Peak Reduction 
Energy Reduction 
4.66 
0 
2.59 
5.66 
4000 
Peak Reduction 
Energy Reduction 
6.14 
0 
3.63 
7.54 
 
In principle, the greater the number of offices in the control actions provides the higher the results 
of the regional peak reduction and energy reduction. However, table 5-4a shows that there are only 
2759 offices in the control action for DSM in the case study for 4000 offices for cooling. At this point, 
the peak reduction has reached the maximum limit. The load profiles of cooling resulting from peak 
reduction DSM controlling from 2759 to 4000 offices are the same. 
Chapter 5– Demand Side Management model  
   
167 
 
Table 5-5 confirms that a higher number of offices in the control actions increases the regional peak 
reduction and energy reduction. Using the peak reduction as an objective function for the control 
action can provide less energy reduction but greater peak reduction than using the energy reduction 
as an objective function. The load profiles of peak reduction as an objective function fluctuate less 
than the load profiles of energy reduction as an objective function.  A choice can be made between 
peak reduction and energy reduction; this determines the control action objective function.  
A DSM algorithm has been developed to manage controllable appliances to provide energy-shifting 
and peak-shaving. The algorithm is able to obtain the maximum energy reduction or peak reduction 
over a considered control period by determining the optimal control strategies to be applied to a 
group of controllable appliances.  
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Chapter 6 – Hot water storage 
Thermal energy storage can use different technologies for the thermal store. Water is commonly 
used in buildings, both residential and commercial in the UK. Latent heat storage, where heat is 
stored in a phase change material, e.g. by melting paraffin or organic salts, can store more energy up 
to three times of hot water storage [52]. Thermo-chemical storage stores heat in a chemical 
reaction. This storage type has the highest energy density by up to 10 times more energy than that 
which can be stored in hot water storage of the same volume [52]. 
Water is convenient to be used as a heat storage medium because it is non-toxic and low cost. As a 
result, hot water storage could play an important role in the future for DSM in domestic buildings. 
Controlling the heat pump with hot water storage can extend DSM performance compared. In this 
chapter, a model of hot water storage with heat pump has been developed using heat transfer 
equations. An example of heat pump and hot water storage sizing has been demonstrated and 
considered as constraints on the model.  
6.1 Hot water storage tank and discharge power 
The thermal power   (kWth) that can be extracted from the storage is proportional to the 
temperature difference        between supply and return water temperature and the mass flow 
rate  (kg/s) at which hot water is distributed [12]: 
                                                                                              
with       4.187 kJ/kg/K being the specific heat value of hot water 
   is typically in the order of 10  to 11oC for existing heat emitters (radiators). 
The rate at which this power can be delivered thus depends on the maximum flow rate that can be 
carried in the pipes. The flow rate can be described in terms of mass flow rate  (kg/s), or in terms 
of volumetric flow rate   (m
3/s). The volumetric flow rate    can be simply calculated as 
                                                                                                          
where    is the water speed in pipes in (m/s) and       is the cross-section of the pipe, in (m
2).  
The mass flow rate   (kg/s) is simply proportional to the water volumetric flow rate   (m
3/s) 
through the specific weight of water   (kg/m
3), so that  
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 For water    = 1000 kg/m
3, that is,    = 1 kg/l  
These equations enable the calculations that link thermal power, (mass or volumetric) flow rate and 
fluid speed in thermal water systems to be made. 
6.2 Maximum flow rates in pipes 
Radiators should be sized in such a way that there is always sufficient water flow to enable them to 
deliver their rated output. Consequently, the piping system should be sized in such a way meet the 
flow rate needed by the radiators. The maximum mass flow rate is related to the maximum 
speed/pressure of the water in the heating pipes. Good practice limits the maximum water speed in 
pipes to 1.5 m/s in order to avoid noise [53]. For different commercial pipe sizes, then, once the pipe 
cross-section is known, the maximum power that can be delivered can be calculated without 
breaching the maximum water speed limit. Copper tubing in the UK is defined by British standard 
[54].Table 6-1 shows the calculated maximum flow rate allowed in typical pipes. Typical wall 
thickness of above ground services small pipes are 0.6 mm. 
Table 6-1: Maximum flow rate allowed in pipes 
Outside diameter (mm) 8 10 15 22 28 
Inside diameter (mm) 6.8 8.8 13.8 20.8 26.8 
maximum flow rate 
allowed in pipe (l/s) 
0.054 0.091 0.224 0.509 0.846 
 
6.3 Heat storage size and power to be delivered 
Table 6-2 shows power delivered for different heat storage sizes. The first two columns in the table 
are the recommended volume and flow rates as from the British Standard [55]. The third and forth 
columns are the calculated power delivered at   =10oC and   =15oC respectively. The pipe sizes in 
the last column of table 6-2 are chosen to have their flow rate (in the second column) less than the 
maximum flow rate allowed (as in table 6-1). 
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Table 6-2: Test condition flow rates as from British Standards 
Volume (l) Flow rate (l/s) Power delivered 
at   =10oC 
(kWth) 
Power delivered 
at   =15oC 
(kWth) 
Pipe size (mm) 
Up to 100 0.15 6.3 9.4 15 
101-250 0.25 10.5 15.7 22 
251-500 0.50 20.9 31.4 22 
501-750 0.75 31.4 47.1 28 
751-1000 1.00 41.9 62.8 >28 
 
           is the difference between supply and return temperatures in the closed hot water 
distribution system, with typical values for current systems of around 10oC . 
6.4 Heat storage content and typical flow rates 
The test condition values for storage tanks give an indication of typical flow rates (not maximum or 
minimum, though) associated with the relevant thermal storage content and the power that can be 
delivered. Usually, for the piping system for domestic buildings connected to the cylinder tank a 
minimum of 22 mm size is used, while smaller sizes are used for terminal piping connected to 
radiators. 
Table 6-3: range of thermal power that can be delivered by the pipe 
Pipe size  range of thermal power (kWth) than can be delivered by the pipe for ΔT=10˚C  
8 mm 0 - 2         <-     used for individual radiators  
10 mm 2 - 3.5      <-     used for individual radiators  
15 mm 3.5 - 9  
22 mm 9 - 21  
28 mm 21 – 35 
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Figure 6-1: Storage size and hot water storage tank energy 
 
Figure 6.1 shows storage size and hot water storage tank energy at different         where 
                is the difference between supply hot water temperature    and ambient 
temperature    (at which temperature the value of energy that can be supplied through “hot” water 
is considered equal to zero). This temperature difference should not be confused with the 
temperature difference in the hot water distribution system            . By rearranging 
equation (6-1) after multiplying by 3600 in both sides of the equation, the storage size can be 
calculated as shown in equation (6-4): 
                       
                                         
           
                             
For example, the size of hot water storage for 10kWhth with          40
oC is 
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6.5 Thermal Heat Storage (TES) formulation 
A formulation of storage plant in a power system has been implemented for the UK system [56], 
[57]. By extending this formulation, a model of hot water storage with heat pump for buildings can 
be formulated as shown below. 
Nomenclature with heat storage entries 
Base input parameters 
   time 
    time step 
  ID for building type (e.g. terrace house with average insulation level in South 
England, etc.) 
    number of building types   
  
    number of controllable devices within the group of building type   (e.g., 1000 
reversible ASHPs in detached-houses with average insulation level in central UK) 
  ID for buildings with EHP belonging to the building type  . This is an integer that 
varies from 1 to number of buildings with controllable device within each customer 
type (1,...,  
   ) 
       expected thermal consumption at time   of the devices of the building type   when                               
no control actions are applied (base case) 
        COP of the EHP for building type   at time   (from COP model and EnergyPlus 
simulation) 
Heat storage related parameters 
 
   
 thermal efficiency of the TES device, assumed the same for all customer types 
(typical values are in the order of 0.97-0.98 based on hourly losses) 
      
     minimum level of thermal energy required in the TES for building type   
      
     thermal energy capacity of the TES for building type   
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   thermal initial TES thermal energy level for building type  (typical values are 0.1 of 
        
   ) 
     
     cumulative energy loss of TES 
      
     maximum thermal flow rate that can charge/discharge the TES for building type   
(typical values are thermal peak demand of building type  ) 
 
Decision variables: 
      
      charging power of storage in building ID   of building type   at time  (kWth) 
      
      discharging power of storage in building ID   of building type   at time   (kWth) 
      
        energy content of storage in building ID   of building type   at time   (kWhth) 
        energy size of storage for type   building (kWhth) 
           binary variable to prevent simultaneous charge/discharge for building ID   of building 
type   at time   
 
Total electrical load of heat pump: 
           
    
      
       
  
   
                                                              
Modification of the total electrical load due to storage activity: 
           
       
        
  
       
  
   
   
  
   
                                                      
Constraints: 
1. Storage Initial time step/Final time step Energy 
      
              
          
        
                                                              
 
2. Storage Energy balance 
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3. Storage min/max energy 
      
          
          
                                                             
 
4. Storage min/max power 
          
        
                                                                         
           
        
                                                                  
 
5. Prevent discharging more than required 
          
      
 
       
  
   
   
  
   
                                                            
 
6. New peak must be greater or equal than the new load 
                                                                                      
 
Constraint 6 is for peak reduction of demand due to heat pump and storage only. For minimisation 
of electrical demand in region, forecasted electrical demand must be included into the constraint. 
Constraint 6 can be rewritten as: 
  
                                                                      
where  
             is expected electrical load demand (from the aggregator’s view point) at time   
 
Objective function: 
                                                                                                            
 
Using peak minimisation, the storages that can be charged at any period before the discharge period 
to achieve the maximum peak reduction can be determined. When storing energy, there will be 
energy loss. Therefore, the storage should be charged just before the discharge period to minimise 
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the energy loss. The realistic total thermal load due to storage activity can be obtained by minimising 
total energy loss in storages after minimising peak demand as shown below. 
 
Total energy loss in storages 
     
           
   
       
   
  
   
   
  
   
  
   
                                                   
Objective function: 
         
                                                                                                           
Constraints:  
Replacing      variable in constraint (6-13) or (6-14) with       result obtaining from peak 
minimisation and use all the same previous constraints (6-7) to (6-12). 
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6.6 Heat pump and storage sizing example 
In this section, an example of heat pump and storage sizing is demonstrated. A new well insulated 
terraced house with 85m2 floor area (average floor space of UK dwelling [58]) is chosen for this 
example. The insulation of the house is assumed better than building regulations part L 2006 and is 
shown in table 6-4. The heating set point is 22oC between the hours of 06.00-09.00 and 18.00-23.00. 
The heating is off outside these hours. In order to obtain the size of the heat pump and storage 
required to supply heating demand on a severe cold day, the outdoor temperature profile used in 
the study is lowered down by 10oC from London winter cold day as shown in figure 6-2. This 
temperature profile represents UK temperature of a severe cold day once in 30 years in central UK 
(in year 1981).  
Table 6-4: Insulation construction of terraced house in the study 
Construction 
Type 
Insulation 
Roof 
U-Value 
(W/m2K) 
Wall 
U-Value 
(W/m2K) 
Floor 
U-Value 
(W/m2K) 
ac/h 
 
Cavity wall 
 
Best Practice 0.15 0.25 0.15 0.3 
 
  
Figure 6-2: Outdoor temperature used for the study 
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Figure 6-3 shows heating demand, electrical demand and COP profiles of an air-source heat pump 
for the terraced house in the study. The COP profile of the heat pump is approximated from the 
average COP data collected for different air source heat pumps in the UK [46]. The assumption of hot 
water output temperature of the heat pump is 55oC. The detail of the collection data is given in 
chapter 4. It can be noticed that the average COP is less than 2 in this severe cold condition. 
 
 
Figure 6-3: Heating demand, electrical demand and COP of the ASHP, Tout=55
oC 
 
The algorithm of thermal heat storage in section 6.5 is implemented using Dash Xpress optimisation 
software [51]. The size of the storage (Emax) is varied from 0% (no storage) to 100% (optimal size) to 
obtain each heat pump size for each storage size. The simulations are run for the maximum 
discharge power (Qmax) at 100%, 50% and 10%. 
Figure 6-4 shows electrical demand profiles of the house in the study with hot water storage 
installed at different thermal capacities (Emax=100%, 50% and 10%) at maximum discharge power 
3.2 kWth (Qmax=100%). 
Figure 6-5 shows the heat pump and storage size at different maximum energy content (Emax) when 
maximum discharge power 3.2 kWth (Qmax=100%), 1.6 kWth (Qmax=50%), and 0.32kWth 
(Qmax=10%). On the y axis left hand side is the maximum energy content of storage in kWhth (Emax). 
On the y axis right is the peak demand of electric heat pump in kW. On the x axis is the percentage of 
Emax. 
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Figure 6-4: Electrical demand profiles of the ASHP, Tout=55
oC with storage at different thermal 
capacities relative to optimal value 
 
 
Figure 6-5a: Heat pump and storage size at different maximum energy content (Emax) with 100% 
maximum discharge power (Qmax=100%) 
 
Figure 6-5a show that if the heat pump size is 2.8 kW, there is no need for storage (Emax=0% of the 
left hand side). The heat pump size can decrease to the minimum at 0.87 kW if a 3.2 kWth discharge 
power, 14.3 kWhth storage is installed (Emax=100% on the right hand side). 
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Figure 6-5b: Heat pump and storage size at different maximum energy content (Emax) with 50% 
maximum discharge power (Qmax=50%) 
 
Figure 6-5b show that the heat pump size can decrease to the minimum at 1.82 kW if a 1.6 kWth 
discharge power, 5 kWhth storage is installed. 
 
Figure 6-5c: Heat pump and storage size at different maximum energy content (Emax) with 10% 
maximum discharge power (Qmax=10%) 
 
Figure 6-5c show that the heat pump size can decrease to the minimum at 2.6 kW if a 0.32 kWth 
discharge power, 0.31 kWhth storage is installed. 
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The similar procedure is used to study the heat pump and storage size for ASHP and GSHP with hot 
water output temperature 45oC and 55oC. Figure 6-6 show the comparison of heat pumps and 
storage sizes at different maximum energy content (Emax) with 100% maximum discharge power 
(Qmax=100%) 
 
Figure 6-6a: The comparison of ASHPs and storages sizes with hot water output Tout=45
oC and 55oC, 
outdoor temperature lowered down by 10oC, at different maximum energy content (Emax) with 
100% maximum discharge power (Qmax=100%) 
 
Figure 6-6b: The comparison of GSHPs and storages sizes with hot water output Tout=45
oC and 55oC, 
outdoor temperature lowered down by 10oC, at different maximum energy content (Emax) with 
100% maximum discharge power (Qmax=100%) 
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It can be seen from figures 6-6a and 6-6b that the optimal size of storage doesn’t change noticeably 
from 45oC to 55oC for both ASHP and GSHP. GSHP bring clear benefits in terms of heat pump sizing. 
The similar study is performed for outdoor temperature lowered down by 20oC from London winter 
cold day. Figure 6-7 show the comparison of heat pumps and storage sizes at different maximum 
energy content (Emax) with 100% maximum discharge power (Qmax=100%) 
 
Figure 6-7a: The comparison of ASHPs and storages sizes with hot water output Tout=45
oC and 55oC, 
outdoor temperature lowered down by 20oC, at different maximum energy content (Emax) with 
100% maximum discharge power (Qmax=100%) 
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Figure 6-7b: The comparison of GSHPs and storages sizes with hot water output Tout=45
oC and 55oC, 
outdoor temperature lowered down by 20oC, at different maximum energy content (Emax) with 
100% maximum discharge power (Qmax=100%) 
 
Figures 6-7a and 6-7b show that the optimal size of storage doesn’t change noticeably from 45oC to 
55oC for both ASHP and GSHP. GSHP can bring benefits in the absence of storage, while the benefits 
decrease when the storage size getting closer to the optimum. 
When comparing figure 6-6a with figure 6-7a, the performance of ASHP systems drop quite 
consistently with the temperature. Storage tends to even out the performance gap. The 
performance drop is less significant for GSHP compared to ASHP. Storage reduces the heat pump 
peak substantially in any cases. 
In conclusion, the heat pump with hot water storage model has been implemented in this chapter. 
The model can be used for heat pump and hot water storage sizing. The results from the model 
show that hot water storage decrease the heat pump size installed.  
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Chapter 7  – UK heat demand modelling 
This chapter presents the modelling of UK domestic heating and hot water demand for the year 
2007 using 2002 data from [5],[30] and 2050 by using the 2050 pathways report scenarios [6] as a 
frame work. EnergyPlus and DesignBuilder are used to model all of UK typical residential building 
types in detail based on UK building characteristics. Starting from 2002 and 2007, the modelling of 
the demand for the year 2050 takes into account the improvement in building insulation for existing 
and new buildings, new build and demolition rate of existing buildings, population increases in 
required comfort levels and outdoor temperature arising from climate change. The electrification of 
heating demand through resistive heating, air-source and ground-source heat pump are compared 
later in this chapter. In the last section of this chapter, the potential impact of DSM from different 
approaches to electrified space heating and hot water for residential buildings for the year 2050 has 
been assessed based on the assumption of 100% electrification by air-source heat pumps. Three 
different approaches for peak minimisation: temperature set point scheduling, turning heating 
system on throughout the day and controlling the installed hot water storage with heat pump are 
modelled and compared. 
7.1 UK domestic heat demand modelling for the year 2002 
The preliminary aim of heat demand modelling performed is for comparison with the 2050 pathway 
report. In this report the base year is 2007 and this is based on Department of Energy and Climate 
Change, Energy Consumption in the UK, July 2009, Table 1.14 [62]. However, EnergyPlus software 
only provides hourly and regional temperature for the year 2002; therefore this has been used 
throughout with adjustments to compensate for different temperature data. Heat demand for the 
domestic sector is modelled by statistical information [30] for the year 2002 on domestic building 
characteristics and number. Actual gas sales for 2002 [59] is used to verify the heat demand results 
from the model. The detail of building characteristic and weather data are given in Appendix A. The 
heat demand for the year 2007 has been obtained by calibrating the heat demand for the year 2002 
using 2007 average daily temperature from National Grid [59]. 
Figure 7-1 shows, the comparison of regional annual heat demand obtained from gas sales 2002 [59] 
and those obtained from the model. The regional demands in the figure are the average demands 
for space heating per customer. In 2002, an assumption of 10% for gas network losses and with 27% 
deducted for DHW demand [30] to give gas demand for space heating only. An assumption of 70% 
boiler efficiency is assumed [60].  
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Figure 7-1: Comparison of regional average thermal heating demand for space heating per year per 
house obtained from gas consumption data and seasonal simulation  
 
The regional demands obtaining from EnergyPlus simulation are similar to those obtained from the 
gas data, i.e. less than 10% except for the South West region where the difference is 18%. This might 
be due to the fact that London weather is used as South West region. The South West tends to 
milder than London and this may explain the difference.  
Average heating demand per house from CHP report [60] is used to compare the heating demand 
result from the model. These comparisons are shown in table 7-1 and figure 7-2. However, the most 
up to date information in the report is for the year 1991 (information for the year 2002 is not 
available). It is assumed in the report for the year 1991 that annual DHW demand was approximately 
20% of total heating demand and the boiler efficiency of all houses is 65%. 
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Table 7-1: Comparison of average heating demand per house per year from the report [60] and from 
each model 
Average Heating 
(kWhth/year) 
kWh(gas)/year 
from the 
report 
kWh(gas)/year 
for space 
heating only 
from the 
report 
(by taking out 
20% DHW) 
kWhth/year 
for space 
heating only 
from the 
report 
(65% of previous 
column) 
kWhth/year 
for space 
heating only 
from 
seasonal 
model 
kWhth/year 
for space 
heating only 
from annual 
model 
Detached houses 25,875 20,700 13,455 15,181 14,522 
Semi-detached houses 19,210 15,368 9,989 9,224 9,222 
Terraces 16,929 13,543 8,803 7,873 7,912 
Flats 9,086 to 10,140 8,112 5,273 5,916 5,885 
All houses - - - 9,695 9,545 
 
 
 
Figure 7-2: Comparison of average thermal heating demand for space heating per year per house 
obtained from report [60]  and seasonal simulation 
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Averages annual and seasonal hourly heat demand profiles for space heating of all UK houses are 
shown in figures 7-3 and 7-4. Figure 7-5 shows heat profiles of space heating for the average for all 
UK houses in winter cold day (for design purpose).  
 
Figure 7-3: Average all UK houses annual hourly heat profile of space heating for the year 2002 
The average all UK houses annual peak space heating demand per household in figure 7-3 is 
approximately 9 kWhth in winter. 
 
Figure 7-4: Average all UK houses seasonal heat hourly profiles of space heating for the year 2002 
The average all UK houses seasonal peak space heating demand per household in figure 7-4 is 
approximately 7 kWhth in winter and 4 kWhth in midseason. 
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Figure 7-5: Average all UK houses winter cold day heat hourly profiles of space heating for the year 
2002 
 
It can be seen that the profile in figure 7-5 is higher than the peak demand in figure 7-3. This is 
because the demand profile in figure 7-5 is summing from the demands in the different coldest day 
of the north, the middle and the south locations (not from the peak demand of figure 7-3). The 
coldest day of each location is not necessarily the same day. 
Domestic Hot Water (DHW) consumption profile pattern is taking from a report from Defra [61]. This 
profile of figure 7-6 is assumed to be weekend typical DHW profile of a house with average floor 
area for a UK house. By modifying the weekend profile of figure 7-6 (moving demand during the day 
to the morning and the evening), typical DHW profile of weekdays can be assumed as shown in 
figure 7-6. DHW amplitude is assumed to be dependent on floor area of each house. The larger 
house will need more water consumption due to a larger number of residents. Annual heat demand 
for DHW is assumed about 20% of total annual heating demand of each house in year 1991 [60]. In 
year 2002, the annual heat demand for DHW is 27% of total heating demand of domestic. DHW heat 
demand profile is assumed to be similar for all seasons throughout the year. 
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Figure 7-6: Average weekend domestic hot water hourly demand per house 
 
By combining average seasonal heat profiles in figure 7-4 and DHW profiles in figure 7-6, the total 
and average seasonal heat profiles are shown in figure 7-7 and 7-8 respectively. 
 
Figure 7-7: Total typical day heating and DHW hourly profiles of all UK houses for the year 2002 
 
Figure 7-7 shows that the UK peak demand for the year 2002 is approximately 200 GWhth in winter 
and 30 GWhth in summer. 
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Figure 7-8: Average typical day heating and DHW hourly profiles of all UK houses for the year 2002 
 
The average UK peak demand per household in figure 7-8 is approximately 8 kWhth in winter and 1 
kWhth in summer. The total UK heat demand of space heating and hot water in year 2002 obtained 
from the model are 244 TWhth and 89 TWhth respectively.  
7.2 UK domestic heat demand modelling for the year 2050 
The 2050 Pathways Calculator – available on the DECC website [62], provide four trajectories ranging 
from little or no effort to reduce emissions or save energy (level 1) to extremely ambitious changes 
that push towards the physical or technical limits of what can be achieved (level 4)[6]. The Pathway 
users can develop their own combination of levels of change to achieve an 80% reduction in 
greenhouse gas emissions by 2050, while ensuring that energy supply meets demand. The aim of 
this section is to extend the detail of modelling UK domestic heat demand to 2050 based on the 
2050 Pathways report. Four levels of future change in domestic buildings are given in appendix A-2. 
For the purposes of this thesis, Level 3 Pathways has been selected as the reference in this chapter 
and is described by the Pathways report as what might be achieved by applying a very ambitious 
level of effort on energy efficiency which is unlikely to happen without significant changes today. 
However, the results for levels 1, 2 and 4 are given in appendix A. 
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7.2.1 Modelling of energy change due to temperature change 
Based on 2050 pathways report, the average household’s internal temperature in winter was 17.5°C 
in 2007. The effect of average internal temperature is important because the reduction in space 
heating demand from even small drops in internal temperatures is significant. A 1°C reduction would 
reduce heating system energy demand by up to 10%. In the EnergyPlus model, the heating setpoint 
is at 18oC to bring the average internal temperature to approximate 17.5oC. Sensitivity analysis of 
space heating demand change to the change of indoor and outdoor temperatures has been studied. 
The average of heating demand change 7.5% every 1oC change of the difference between outdoor 
temperature and the heating set point temperature. The annual average temperature of year 2007 
is higher than that of 2002 by 1.04oC. The estimation of space heating demands due to the change of 
indoor and outdoor temperatures is shown in table A-22 in appendix A. 
7.2.2 Modelling energy change due to take up of insulation measures 
Four levels of take up of insulation measures for the year 2050 from the 2050 pathway report are 
given in table A-19 in appendix A. Using this information, a sensitivity study has been done by 
comparing heating demand profiles for each insulation measure from EnergyPlus simulation. Then 
the overall percentages of energy reduction to the base case (no insulation measures) can be 
obtained for the four levels of take up of insulation measures as shown in table A-25 in appendix A. 
7.2.3 Modelling of demolition and future new houses 
Within the 2050 pathways report, the demolition rate for the existing stock is assumed to be 0.1% 
per annum for each year to 2050 and an annual growth rate from 2007 of approximately 1% per 
annum. Projecting this growth rate results in 40.2 million UK households in 2050. Given the 
demolition rate of 0.1% assumed above, the new build rate assumed averages 1.1% per annum until 
2050. The new build mix assumes a higher proportion of flats and a lower proportion of detached 
houses than in the existing stock because of expected demographic changes. 
In order to model the demolition rate of 0.1% per year, the number of old houses decreases by 0.1% 
every year. In the same way, the numbers of future new build houses increase by 1.1%. As a result 
the number of houses will increase by 1% pa to 53.4% by 2050 from 2007.  
The future houses models have been implemented in EnergyPlus by using the U-values and 
infiltration rates shown in tables A-20 and A-21 in appendix A. The houses dimensions are assumed 
to be the same as new houses. Sensitivity analysis has been done to find energy and peak reduction 
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of future houses to the new houses by comparing their heating profiles on winter cold day. The 
percentage of energy reduction of each level is shown in table A-26 in appendix A. 
7.2.4 Results from the model 
Using outdoor temperature profiles for the year 2002, the heat demand of space heating and hot 
water obtaining from previous UK model are 244 TWhth and 89 TWhth respectively. 
By modelling the energy change due to temperature change, modelling the energy change due to 
take up of insulation measures and modelling the demolition and future new building,  the results of 
total space heating and hot water demand from the model at each take up level of insulation 
measures are shown in table 7-2 and 7-3. The comparison of the total heat demand results that 
were obtained from the model and those from the 2050 pathway report are shown in table 7-4 and 
figure 7-9.  
Table 7-2: Space heating demand at different take up level of insulation measures 
 
Base case 
2007 
Level1 
2050 
Level2 
2050 
Level3 
2050 
Level4 
2050 
Energy (TWhth) 263 297 219 182 134 
 
Table 7-3: Hot water demand at different take up level 
 
Base case 
2007 
Level1 
2050 
Level2 
2050 
Level3 
2050 
Level4 
2050 
Energy (TWhth) 89 206 137 103 69 
 
Table 7-4: Total heat and hot water demand including demolition and new build buildings 
Demand 
Base case 
2007 
Level1 
2050 
Level2 
2050 
Level3 
2050 
Level4 
2050 
Model  (TWhth) 352 503 356 285 203 
Report (TWhth) 320 520 370 280 190 
Diffference (%) 10.1 -3.2 -3.8 1.8 6.7 
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Figure 7-9: Comparison of total heat demand results from the model and from the report 
 
It can be seen that the results from the model have a good agreement with those from the report. 
Figure 7-10 shows typical day heating and DHW hourly demand for the year 2050 level3 while figure 
7-11 shows annual heating and DHW hourly demand for the year 2050 level3. 
 
 
Figure 7-10:  Typical day heating and DHW hourly demand for the year 2050 level3 
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Figure 7-11:  Annual heating and DHW hourly demand for the year 2050 level3 
 
Figure 7-10 shows that the UK peak demand for the year 2050 level3 on a typical winter day is 
approximately 150 GWth in winter and 35 GWth in summer. The peak demand in figure 7-11 is 
approximately 200 GWth in a winter cold day. 
7.3 Electrification of UK domestic heat demand for the year 2050 
The 2050 pathways report scenario refers to 4 levels of electrification as shown in table A-27 in 
appendix A. This section will consider electrification level 4 at 100% for illustrative purpose. 
Table 7-5 shows alternative electric heating technologies, their efficiency/COP and their maximum 
penetration level.  
Table 7-5: Electric heating technologies 
 Electric heating 
technology 
Space heating 
efficiency/COP 
Hot water 
efficiency/COP 
Maximum 
penetration level 
1 Resistive heating 1 1 100% 
2 Air source heat pumps 3 2 100% 
3 
Ground source heat 
pumps 
4 3 
29% 
(with 71% air 
source heat 
pump) 
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Ground source heat pump are assumed to be installed in all detached houses in all areas, plus semi-
detached and terraced houses in rural and lower density sub-urban areas. Resistive heating has the 
lowest constant efficiency at 1 for both space heating and DHW. Ground source heat pump has the 
highest COP.  
The COPs of air source and ground source heat pumps depend on outdoor temperature and ground 
temperature respectively. Thus, it is necessary to model their COP for space heating by taking 
account of outdoor temperature. Figures 4-8 in chapter 4 show the COP data for different air source 
and ground source heat pumps in the UK [46]. For ASHP, the x axis is the difference of water output 
and ambient air temperature. For GSHP, the x axis is the difference of water output and ambient 
ground temperature. By averaging COP graphs in figure 4-8, two simple polynomial functions can be 
used to approximate the COP of ASHP and GSHP for the UK scenario as shown in figure 4-9. The 
water output temperature of both ASHP and GSHP are assumed 55oC. The average monthly ground 
temperature of the UK for year 2008 [46] is given in table A-28. The average monthly ground 
temperature for the year 2050 is assumed 2.5oC higher than the year 2008 following the outdoor 
temperature arising from climate change. 
The calculation of COP has been done for three UK regions: the north, the middle and the south. 
Figure 7-12 shows average COP of all regions for both ASHP and GSHP on typical days for the year 
2050. Figure 7-13 shows electrified heating and DHW demand on typical day for the year 2050. 
Figure 7-14 shows average COP of all regions for both ASHP and GSHP throughout the year 2050.  
 
Figure 7-12: COP of air-source and ground-source heat pumps on typical days for the year 2050 
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Figure 7-13: Electrified heating and DHW demand on typical day for the year 2050 level3 
 
The electrified heating and DHW demand by ASHP 100% is slightly higher than by ASHP71%, GSHP 
29%. Their demands are about half of the electrified heating and DHW demand by resistive heating 
100%. 
 
Figure 7-14: Annual hourly COP of air-source and ground-source heat pumps for the year 2050 
 
It can be seen in figure 7-12 and 7-14 that the COP of ASHP fluctuates with daily outdoor 
temperature while the COP of GSHP is higher fluctuates with monthly ground temperature and is 
thus more stable. 
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Figure 7-15: Annual electrified heating and DHW demand for the year 2050 level3 
 
The ratios among themselves of electrified annual heating and DHW demands shown in figure 7-15 
of three different technologies are similar to those ratios of figure 7-13.  
Table 7-6: Electrified heating and DHW demand with different technologies 
Electrical  
Energy 
(TWh) 
Resistive  
Heating 
100% 
ASHP 100% 
ASHP 71% 
GSHP 29% 
Level1 498.8 215.0 204.5 
Level2 352.7 151.0 144.0 
Level3 282.3 120.1 114.8 
Level4 200.7    84.8    81.3 
 
Table 7-6 shows that the electrical energy when using 100% ASHP and using 71% ASHP with 29% 
GSHP are approximately 43% and 41% of using 100% resistive heating respectively,  
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7.4 The estimation of the reduction in heat demand by different techniques 
In this section, the estimation of the reduction in heat demand that might be achieved by different 
techniques to reduce heat loss across properties of different types and age are analysed. The main 
building types included in the analysis are: 
 Detached house (solid and cavity wall) 
 Semi-detached house (solid and cavity wall) 
 Terrace house (solid and cavity wall) 
 Flat (solid and cavity wall) 
The assumptions of base case building characteristics are shown in table A-29 in appendix A-5. The 
U-values of each building measures before and after installation in the building are shown in table A-
30 based on 2050 Pathways report. The drought-proofing is also one of the measures to be installed 
in the buildings. The assumptions of average air-permeability before and after measure are shown in 
table A-31. Recommended air infiltration rate of domestic building are shown in table A-32. 
The percentages of energy reduction for each measures of and each building type are shown in table 
7-7. The sensitivity analysis of percentage of energy reduction to the change of air infiltration rate is 
shown in table 7-8. 
Table 7-7: Percentages of energy reduction for each measures of house from simulaton: 
 Insulation No 
insulation 
Loft Wall Triple-
glazing or 
equivalent 
Floor Combined 
Detached house Cavity 0% 1% 20% 7% 3% 33% 
Solid 0% 1% 24% 6% 2% 36% 
Semi-Detached 
house 
Cavity 0% 1% 18% 5% 4% 31% 
Solid 0% 1% 23% 5% 3% 35% 
Terraced-house Cavity 0% 2% 16% 4% 4% 28% 
Solid 0% 2% 21% 4% 4% 32% 
Flat Cavity 0% 1% 20% 5% 2% 30% 
Solid 0% 1% 25% 5% 2% 34% 
Average all 
house 
Cavity 0% 1% 18% 5% 3% 31% 
Solid 0% 1% 23% 5% 3% 34% 
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Table 7-8: Percentages of energy reduction for each infiltration rate of detached house with cavity 
wall combined insulation: 
1.2 ac/h 1.0 ac/h 0.7 ac/h 0.5 ac/h 0.4 ac/h 0.05 ac/h 
0% 6% 15% 21% 25% 36% 
 
It can be seen that the impact of insulation is similar for all buildings.  Wall insulation has the highest 
energy reduction (20%-30% reduction), followed by triple glazing (or equivalent) and then floor 
insulation.  Loft insulation has the lowest energy reduction but this may be because the 2050 
Pathways report assumes that lofts already have partial insulation, thereby only resulting in a small 
improvement in U-value when further insulation is added.  The combined effect of all insulation is 
about 30%-35% reduction.    
7.5 The estimation of thermal time constant of typical domestic building 
In this section, the thermal time constants of typical domestic buildings are estimated. The analysis 
also show the possibility for peak load reduction when the heating, as opposed to the average load 
over 24 hours. The building in this study is a detached-house with similar building characteristics and 
insulation measures to the previous section. In this study, the outdoor temperature in London on a 
typical day and cold winter’s day are used in the simulation and the results compared. 
 
Figure 7-16: Outdoor temperature used in the study 
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– Space heating settings - Base case assumes a set point internal temperature of 18°C and 
timer setting of 6.00 to 8.00 and 18.00 to 23.00. 
– Peak demand – Determined from average demand required to reach set point temperature 
within 60 minutes. 
– Other assumptions: 
– Occupation is 4 people between 18.00 and 8.00 
– Solar radiation included (as given in weather data file) 
– Internal air changes = 1.2 ac/h 
To illustrate the thermal time constant of a building the time taken for the internal temperature to 
fall from the set point of 18°C to 15°C has been analysed. This simulates the temperature drop when 
the heating is switched off at night with an assumed timer setting of 23.00.   
The table 7-9 below shows the results for a detached building with and without all the insulation 
listed the answer to thermal time constant and assumes an outdoor temperature of -4.0°C 
(representing a very cold London overnight winter temperature) and 4.0°C (representing a typical 
London overnight winter temperature). 
Table 7-9: Time taken for internal temperature to fall from 18°C to 15°C 
 Time taken for internal 
temperature to fall from 18°C to 
15°C (outdoor temperature -4.0°C) 
Time taken for internal 
temperature to fall from 18°C to 
15°C (outdoor temperature 4.0°C) 
Without insulation 3 minutes 5 minutes 
With insulation 6 minutes 23 minutes 
The temperature drop profile is shown in figure 7-17 and 7-18 where the x axis is the time in hours. 
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Figure 7-17: Indoor temperature of detached-house with different insulations 
 
 
Figure 7-18: Indoor temperature of detached-house with different infiltrations 
 
Figures 7-17 and 7-18 show that the impact of insulation on the thermal time constant is substantial 
and is also significantly affected by the outdoor temperature.  The drop in temperature in the first 
half hour is larger than the change temperature in the last five hours and a half. There is 
temperature stabilising effect when the air temperature approaches the wall temperature. Similar 
results were obtained for other properties, although the detached house has the highest 
temperature drop because it has the highest building outdoor surface area.  
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7.6 The peak load reduction when the heating switches on as opposed to the average load over 24 
hours 
The base case assumes a set point internal temperature of 18°C and timer setting of 6.00 to 8.00 and 
18.00 to 23.00.  The following was then examined: 
– Case 1 - the Base case with a night set back temperature of 15°C. 
– Case 2 - Timer settings of 6.00 to 23.00 with a night set back of 15°C. 
The results shown below in table 7-10 are for a detached building with cavity walls. An outdoor 
temperature profile for a very cold London winter’s day with a minimum of -3.2°C and a maximum of 
6.4°C has been used. 
Table 7-10: Comparison of peak demand and energy consumption for different case studies 
Insulation Base case Case 1 Case 2 
Energy 
 
(kWhth) 
Peak 
am 
(kWth) 
Peak 
pm 
(kWth) 
Energy 
 
(kWhth) 
Peak 
am 
(kWth) 
Peak 
pm 
(kWth) 
Energy  
 
(kWhth) 
Peak 
am 
(kWth) 
Peak 
pm 
(kWth) 
Without 131.2 16.7 16.8 180.9 12.2 11.5 206.3 12.2 9.7 
With 51.1 6.3 6.4 55.8 5.3 5.2 73.7 5.3 3.7 
The heat demand profile is shown in the figures 7-19 below: 
  
Figure 7-19a: Heat demand of non-insulated detached-house with different temperature settings 
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Figure 7-19b: Heat demand of insulated detached-house with different temperature settings 
 
Figure 7-19 and table 7-10 show that when similar temperature settings are applied to similar 
houses with different insulation level, the peak reduction is smaller for the well insulated house and 
result in the smaller the energy consumption increase. Figure 7-20 and table 7-11 shows the study 
results of different set of temperature settings for the base case detached-house with cavity wall 
without insulation. 
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Table 7-11a: Comparison of peak demand and energy consumption with heating set point 
temperature=18oC, fixed duration 6.00-8.00 and 18.00-23.00 but different set back temperatures 
 
Energy 
(kWhth) 
Morning 
Peak(kWth) 
Afternoon 
Peak(kWth) 
no setback 131.2 16.7 16.8 
setback 12oC 161.8 15.2 14.6 
setback 15oC 202.2 13.6 12.1 
always on 243.4 12.7 10.2 
 
 
Figure 7-20a: Heating profiles of detached-house with heating set point temperature=18oC, fixed 
duration 6-8 and 18-23 but different set back temperatures 
 
Table 7-11a and figure 7-20a show that the increase of setback temperature by 3oC decreases the 
morning and evening peak by approximately 10% and 14% respectively. However, the daily energy 
consumption increases by approximately 25%. 
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Table 7-11b: Comparison of peak demand and energy consumption with heating set point 
temperature=18oC, no set back temperature but different durations 
 
Energy 
(kWhth) 
Morning 
Peak(kWth) 
Afternoon 
Peak(kWth) 
ON 6.00-8.00 and 18.00-23.00 131.2 16.7 16.8 
ON 5.00-8.00 and 17.00-23.00 150.3 16.0 15.3 
ON 4.00-8.00 and 16.00-23.00 167.9 15.4 14.4 
ON 3.00-8.00 and 15.00-23.00 182.9 14.6 13.2 
 
  
Figure 7-20b: Heating profiles of detached-house with heating set point temperature=18oC, no set 
back temperature but different durations 
 
Table 7-11b and figure 7-20b show that by switching on the heating earlier for an hour in both the 
morning and evening the morning peak decreases by approximately 4% but with the energy 
consumption increasing by 15%. 
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Table 7-11c: Comparison of peak demand and energy consumption with heating set point 
temperature=18oC, set back temperature =15oC but different durations 
 
Energy 
(kWhth) 
Morning 
Peak(kWth) 
Afternoon 
Peak(kWth) 
ON 6.00-8.00 and 18.00-23.00 202.2 13.6 12.1 
ON 5.00-8.00 and 17.00-23.00 207.3 13.0 11.3 
ON 4.00-8.00 and 16.00-23.00 212.6 12.9 11.1 
ON 3.00-8.00 and 15.00-23.00 217.7 12.8 10.7 
  
Figure 7-20c: Heating profiles of detached-house with heating set point temperature=18oC, set back 
temperature =15oC but different durations 
 
Table 7-11c and figure 7-20c show that by switching on the heating earlier for an hour in the both 
morning and evening the morning peak decreases by approximately 4% and then 1% for subsequent 
timer setting.  The daily energy consumption increases by approximately 3%. 
It can be seen that with a combination of insulation and timer and internal temperature settings, the 
peak heat demand can be halved, although the energy consumption is increased substantially. By 
applying the setback temperature the morning and afternoon peak is decreased as less heat is 
required to reach set point temperature.  Hence adjustments to timer and internal temperature 
settings could provide a useful means of managing peak demand but the consequential increase in 
energy consumption would mean that it should be limited to occasional use. 
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7.7 Peak minimisation of UK domestic building demand for the year 2050 
 
This section shows the potential for using three different techniques to reduce UK electrical peak 
demand on winter day for the year 2050: i.e. 
– by turning the heating system on for 24 hours, 
– by scheduling temperature set point of heat pump and 
– by installing hot water storage with heat pump. 
 
7.7.1 Diversified UK domestic building demand for the year 2050 
The previous heating demand modelling does not include demand diversity. In order to model this, 
different occupancy patterns need to be simulated and aggregated. The assumption of people 
occupancy pattern and their percentage given in table A-33 and A-34 in appendix A are used. The 
coincident factor obtained from the model is approximately 80% and has been determined phasing 
heat demand over the period 4.00 to 8.00 instead of 100% at 6.00. There are other factors that will 
this further, e.g. difference in temperature setting, building characteristics, occupancy, external 
temperature, etc. However, they are not including in the model due to lack of data. Figures 7-21a 
shows the diversified heating demand of weekdays and weekends for the year 2050 for level3 
pathway on a typical winter day. The UK outdoor temperature profile on a typical winter day for the 
year 2050 is given in appendix A-4. 
 
Figure 7-21a: Diversified heating demand on typical winter days for the year 2050 level3 
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In figure 7-21a, the weekend morning peak is slightly lower and lags behind the weekday morning 
peak because during the weekend morning the heating systems are more likely to be operated later 
than during the weekdays. The operation of the heating systems during the late morning while the 
outdoor temperature is higher results in the lower peak heating demand during the weekend 
morning. 
 
Figure 7-21b: Diversified electrical demand on typical winter day for the year 2050 level3 
 
Figures 7-21b shows the diversified electrical demand of weekdays and weekends for the year 2050 
for level3 pathway if 100% of air-source heat pumps are used. In this condition, the average heating 
COP is approximately 2 therefore, the electrified demands in figure 7-21b are about half of the 
heating demands in figure 7.21a. 
Figures 7-22a show the diversified heating demands of weekdays and weekends for the year 2050 
for level3 pathway on a severe cold winter day. The outdoor temperature used in the simulation is 
lowered by 10oC from a winter cold day (given in appendix A-4). 
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Figure 7-22a: Diversified heating demand on severe cold winter days for the year 2050 level3 
 
Compared with the heating demands on a typical winter day in figure 7.21a, the heating demand on 
a severe cold winter day in figure 7-22a is approximately 2 times higher. 
 
Figure 7-22b: Diversified electrical demand on severe cold winter day for the year 2050 level3 
 
Figures 7-22b shows the diversified electrical demand of weekdays and weekends for the year 2050 
for level3 pathway on a severe cold winter day if 100% of air-source heat pumps are used. In this 
severe weather condition, the average heating COP decrease from 2 (for the typical winter day 
condition) down to approximately 1.7 (for the severe cold winter day condition).  
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7.7.2 Turning on the heating system throughout the day 
In this section, the estimation of maximum peak demand reduction of UK domestic building for the 
year 2050 by turning on the heating system 24 hours is investigated. Figures 7-23 show the heating 
and DHW demand for the year 2050 level3 on cold winter day of UK domestic building when the 
heating system on 6.00-8.00 and 16.00-23.00 for weekdays and 8.00-10.00 and 16.00-23.00 for 
weekends while figures 7-24 shows the demand when heating system on 24 hours.  
  
Figure 7-23: Heating and DHW demand on winter cold day for the year 2050 level3 
 
Figure 7-24: Heating and DHW demand on winter cold day for the year 2050 level3 when the heating 
on throughout the day 
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Figure 7-25 shows the electrified heating and DHW demand for the year 2050 level3 on winter cold 
day when the heating is system on 6.00-8.00 and 16.00-23.00 for weekdays and 8.00-10.00 and 
16.00-23.00 for weekends. 
Figure 7-26 shows the electrified heating and DHW demand for the year 2050 level3 on winter cold 
day when the heating is on 24 hours. 
 
Figure 7-25: Electrified heating and DHW demand on winter cold day for the year 2050 level3 
 
  
Figure 7-26: Electrified heating and DHW demand on winter cold day for the year 2050 level3 when 
the heating on throughout the day 
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Table 7-12a: Comparison of weekdays electrical energy and peak demand on winter cold day for the 
year 2050 level3 pathway 
2050 level3 Weekdays 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 6.00-8.00 and 16.00-23.00  
Energy (GWh) 2058.0 1013.2 755.0 
Peak (GW) 241.3 124.8 93.2 
Heating On 24 hours 
Energy (GWh) 2745.8 1351.1 998.1 
Peak (GW) 154.9 79.9 60.9 
Comparison 
Energy (%) 133.4 133.4 132.2 
Peak (%) 64.2 64.0 65.3 
 
Table 7-12b: Comparison of weekends electrical energy and peak demand on winter cold day for the 
year 2050 level3 pathway 
2050 level3 Weekends 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 8.00-10.00 and 16.00-23.00 
Energy (GWh) 2030.2 992.9 740.5 
Peak (GW) 237.3 119.5 88.2 
Heating On 24 hours 
Energy (GWh) 2716.6 1337.6 988.4 
Peak (GW) 144.2 73.7 55.5 
Comparison 
Energy (%) 133.8 134.7 133.5 
Peak (%) 60.8 61.6 63.0 
 
It can be seen from the tables that to turning the heating on 24 hours on a winter cold day, the peak 
demand of space heating and DHW decrease to approximately 64% in average comparing to the 
typical heating and DHW demand. However, energy consumption increases approximately 33% in 
average.  
7.7.3 Scheduling the temperature set point of heat pumps 
It is assumed that the temperature set point of all heat pumps can be controlled. The control actions 
for heating are similarly set to for all building types and consist of: 
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1) Turn off the heating system for half hour; 
2) Decreasing the temperature setting by 2oC for 2 hour; 
3) Decreasing the temperature setting by 2oC for 1 hour; 
4) Decreasing the temperature setting by 2oC for half hour; 
5) Decreasing the temperature setting by 1oC for 2 hour; 
6) Decreasing the temperature setting by 1oC for 1 hour; and 
7) Decreasing the temperature setting by 1oC for half hour; 
 
EnergyPlus simulations are run for all control actions described above at 30-minutes resolution. 
There are 48 periods of 30-minutes interval for 24 hours in which each of control actions start. 
Therefore, 336 control actions are simulated for each building. With 12 types of base case domestic 
buildings, there are 4032 control actions to be simulated. In order to simplify the simulation, the 
heating demand profiles of the building with the new insulation measures and the new build 
building are scaled down from the demand profiles of the base case building by sensitivity analysis.  
7.7.4 Scheduling installed hot water storage with heat pumps 
 
The hot water storage with heat pump model presented in chapter 6 is used in this section. Similarly 
to the previous section, it is assumed that there is hot water storage installed in all buildings and 
they are all controllable. The maximum charge and discharge power of the hot water storage (refer 
to chapter 6) is assumed to be equal to the peak of the heat demand for each building. The sizes of 
the installed hot water storages in kWhth are assumed to be equal to 10% of the total energy kWhth 
required by each building per day. It is also assumed that the energy content at the initial and final 
time step is 10% of the maximum energy stored in the hot water storage. Thermal efficiency of the 
hot water storage is assumed to be 98% hourly, i.e. the storage losses are 2% every hour. 
 
7.7.5 Comparison results of peak minimisation 
 
This section is the comparison of the peak minimisation results of residential electrified heating 
demand for the year 2050 by using three different DSM control strategies as stated in the previous 
sections. The studies focus on 100% electrification by all air-source heat pumps and on a typical cold 
day. It is assumed that in year 2050, all residential building will have hot water storage and heat 
pumps installed and they are all controllable. The base electrical demand profile for the year 2050 is 
from DECC Strawman scenario [62]. The total electrical demand is the sum of base electrical demand 
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and the electrified heating and hot water demand from heat pump. The breakdowns of electrical 
demand on a typical winter day for the year 2050 level3 are shown in figure 7-27. 
 
 
Figure 7-27a: Electrified demand of air-source heat pumps on typical winter weekdays for the year 
2050 level3 
 
 
Figure 7-27b: Electrified demand of air-source heat pumps on typical winter weekends for the year 
2050 level3 
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Figures 7-28 show the peak minimisation of the total electrical demand using three different 
approaches as previously described.  
 
 
Figure 7-28a: Controlled electrified demand on typical winter weekdays for the year 2050 level3 for 
peak minimisation 
 
 
Figure 7-28b: Controlled electrified demand on typical winter weekends for the year 2050 level3 for 
peak minimisation 
 
  
0 
50 
100 
150 
200 
00 02 04 06 08 10 12 14 16 18 20 22 00 
D
e
m
an
d
 (
G
W
) 
Hours 
Electrical Demand by Controlling ASHP 100% 
Typical winter weekdays: 2050 level3 
Total demand 
DSM 
On 24 hours 
Storage 
0 
50 
100 
150 
200 
00 02 04 06 08 10 12 14 16 18 20 22 00 
D
e
m
an
d
 (
G
W
) 
Hours 
Electrical Demand by Controlling ASHP 100% 
Typical winter weekends: 2050 level3 
Total demand 
DSM 
On 24 hours 
Storage 
Chapter 7– UK heat demand modelling  
   
215 
 
Table 7-13a: Comparison of controlled electrical energy and peak demand on typical winter day for 
the year 2050 level3 pathway 
  Total 
demand DSM Preheating Storage 
Weekdays  
Energy (GWh) 2,103.9 2,077.8 2,330.3 2,108.2 
Peak demand (GW) 140.3 126.1 127.9 118.2 
Weekends  
Energy (GWh) 2,102.0 2,077.7 2,317.9 2,107.3 
Peak demand (GW) 133.7 121.5 124.0 112.9 
 
Table 7-13b: Comparison of electrical energy and peak demand changes from base case on typical 
winter day for the year 2050 level3 pathway 
  DSM Preheating Storage 
Weekdays  
Energy (GWh) -26.1 226.4 4.3 
Peak demand (GW) -14.2 -12.5 -22.2 
Weekends  
Energy (GWh) -24.2 216.0 5.3 
Peak demand (GW) -12.2 -9.7 -20.8 
 
Table 7-13c: Comparison of electrical energy and peak demand changes in percentage from base 
case on typical winter day for the year 2050 level3 pathway 
  DSM Preheating Storage 
Weekdays  
Energy (%) -1.2 10.8 0.2 
Peak demand (%) -10.1 -8.9 -15.8 
Weekends  
Energy (%) -1.2 10.3 0.3 
Peak demand (%) -9.1 -7.2 -15.5 
 
It can be seen from the results in table 7-13b that the peak reduction using temperature scheduling, 
preheating and storage are up to 14GW, 12GW and 22GW respectively. 
The heat pump with storage has the highest performance of peak minimisation at nearly 16% of the 
total demand with a small increase of less than 1% of energy consumption. This increase in energy 
consumption is from the hourly heat loss from the hot water storage. Lower energy consumption 
can be achieved by improving hot water storage efficiency, i.e. through improved insulation. 
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With preheating, the peak minimisation is up to 9% of the total demand which is about 60% of the 
storage approach. The 10% increase in the energy consumption is from the heating loss during the 
unoccupied periods. This approach achieves a reasonable peak minimisation performance with heat 
pumps installed only (without hot water storage). 
The scheduling of temperature setting approach achieves a similar performance for peak 
minimisation to the preheating approaches. The peak minimisation is 10%. However, the energy 
consumption is decreased by approximately 1% of the total demand for the temperature scheduling 
approach due to the “loss of comfort” during the control actions. 
The simulations are repeated for the worst case weather condition representing UK temperature on 
a severe cold day once in 30 years. In this severe cold winter case, the outdoor temperature profiles 
used are the temperature profiles of UK cold winter day lowered by 10oC. It is assumed that the 
other electrical demand and DHW electrical demand are similar to the demands on the typical 
winter day. The breakdowns of electrical demand on a severe cold winter day for the year 2050 
level3 are shown in figure 7-29.  
 
 
Figure 7-29a: Electrified demand of air-source heat pumps on severe cold winter weekdays for the 
year 2050 level3 
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Figure 7-29b: Electrified demand of air-source heat pumps on severe cold winter weekends for the 
year 2050 level3 
 
It can be seen that, the total electrical demand on the severe cold winter day in figure 7.29 are 
approximately 1.7 times of the total electrical demand on the typical winter day in figure 7.27. 
Figures 7-30 show the peak minimisation of the total electrical demand on a severe cold winter day 
using three different approaches as previously described.  
 
 
Figure 7-30a: Controlled electrified demand on severe cold winter weekdays for the year 2050 level3 
for peak minimisation 
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Figure 7-30b: Controlled electrified demand on severe cold winter weekends for the year 2050 level3 
for peak minimisation 
Table 7-14a: Comparison of controlled electrical energy and peak demand on a severe cold winter 
day for the year 2050 level3 pathway 
  Total 
demand DSM Preheating Storage 
Weekdays  
Energy (GWh) 3,173.8 3,112.0 3,783.0 3,181.3 
Peak demand (GW) 232.3 206.8 190.1 181.5 
Weekends  
Energy (GWh) 3,168.1 3,108.0 3,783.0 3,176.0 
Peak demand (GW) 226.0 198.6 189.7 176.0 
 
Table 7-14b: Comparison of electrical energy and peak demand changes from base case on a severe 
cold winter day for the year 2050 level3 pathway 
  DSM Preheating Storage 
Weekdays  
Energy (GWh) -61.8 609.2 7.5 
Peak demand (GW) -25.6 -42.2 -50.9 
Weekends  
Energy (GWh) -60.1 614.9 8.0 
Peak demand (GW) -27.3 -36.2 -49.9 
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Table 7-14c: Comparison of electrical energy and peak demand changes in percentage from base 
case on a severe cold winter day for the year 2050 level3 pathway 
  DSM Preheating Storage 
Weekdays  
Energy (%) -1.9 19.2 0.2 
Peak demand (%) -11.0 -18.2 -21.9 
Weekends  
Energy (%) -1.9 19.4 0.3 
Peak demand (%) -12.1 -16.0 -22.1 
 
It can be seen from the results in table 7-14b for the severe cold winter day case study that the peak 
reduction using temperature scheduling, preheating and storage are up to 27GW, 42GW and 51GW 
respectively. These reductions are larger than the reductions for the typical winter day case study. 
The heat pump with storage has the highest performance of peak minimisation at nearly 22% of the 
total demand with a small increase of less than 1% of energy consumption.  
With preheating, the peak minimisation is 18% of the total demand which is slightly less than the 
storage approach. However, the energy consumption is increased by approximately 19%. 
The scheduling of temperature setting approach achieves a lower performance for peak 
minimisation to the preheating approaches. The peak minimisation is 12%. However, the energy 
consumption is decreased by approximately 2% of the total demand for the temperature scheduling 
approach. 
The case study for severe cold winter condition shows that preheating has much higher performance 
for peak minimisation than the temperature scheduling approach. While for the typical winter day 
case study, the preheating approach has a similar performance for peak minimisation to the 
temperature scheduling approach. 
7.8 UK commercial building’s heat demand modelling 
In 2007, service sector accounted for 22% of space heating and hot water demands and the 
domestic sector 78% [6]. Buildings in the service sector include offices, retails, hotels, restaurants, 
education, hospitals, etc. These have a wide variety of building characteristics and occupancy 
patterns and as consequence present more difficulties compared to modelling heat demand 
commercial than residential buildings. They are also even more difficult to forecast due to turnover 
of building stock, renovation, policy and regulation. Good information for commercial buildings 
characteristic is rarely available. Therefore, the typical sizes of commercial buildings are assumed 
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mainly from their total floor area divided by their number of buildings from national statistical data. 
The main types of buildings given in national statistical data are office, retail store and warehouse. 
The research has focussed on the modelling for typical office and retail store only. There 
characteristics of UK office and retail store are given in appendix B. The result of typical day’s profiles 
and annual profiles are shown in figure 7-31 and 7-32 respectively. 
 
 
Figure 7-31a: Weekdays demand profiles of UK offices and retail stores 
 
Figure 7-31a shows that the UK morning heating peak during winter for offices and retail stores is 
approximately 15GWth, with no cooling required, while the cooling peak is approximately 12.5GWth 
during summer, with no heating required. In midseason, the heating and cooling peak demand are 
approximately 9GWth and 0.6GWth respectively. Hot water demand is relatively small comparing to 
heating and cooling demands. 
Retail stores normally open every day from morning until evening except Sunday which they open 
from 12.00 to 18.00. Offices normally close during weekends. Therefore, weekends profiles in figures 
7-31b and 7-31c are dominated by retail stores. 
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Figure 7-31b: Saturdays demand profiles of UK offices and retail stores 
 
Figure 7-31b shows that the UK Saturday morning heating peak (during winter) retail stores is 
approximately 9GWth, with no cooling required, and the cooling peak is approximately 9GWth during 
summer, with no heating required. In midseason, the heating and cooling peak demand are 
approximately 3.5GWth and 0.5GWth respectively. 
 
 
Figure 7-31c: Sunday demand profiles of UK offices and retail stores 
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Figure 7-31c shows that the UK Sunday morning heating peak (during winter) retail stores is 
approximately 8GWth, with no cooling required, while the cooling peak is approximately 9GWth 
during summer, with no heating required. In midseason, the heating and cooling peak demand are 
approximately 2GWth and 0.5GWth respectively. 
Hot water demand is relatively small comparing to heating and cooling demand. During midseason, 
both heating and cooling are required. The heating peak is in the morning when the temperature is 
low while cooling peak is in the afternoon when the temperature is high. 
 
  
Figure 7-32: Annual demand profiles of UK offices and retail stores 
 
The energy consumption of UK offices and retail store (from figure 7-32) for the year 2002 is shown 
in table 7-15.  
Table 7-15: Annual demand of office and retail store for the year 2002 
 
Heating Cooling Hot water ALL 
Energy 
(TWhth) 
22.33 2.39 0.91 25.64 
 
The results from annual simulation show that the cooling demand is about 10% of heating demand. 
Hot water demand is relatively small when comparing with total demand. From the 2050 pathways 
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report, all UK service sector accounted for 22% of demand for space heating and hot water in 2007. 
This is approximately 70 TWhth from 320 TWhth. Energy used for cooling is estimated 9 TWhth. 
However, the detail information of heating and cooling demand for UK offices and retail store 
buildings are not available for comparison. 
7.9 Discussion and conclusions 
This chapter presents the modelling of UK domestic heating and hot water demand for the year 
2007 and 2050 by using the 2050 pathways report scenarios as a frame work. The electrified 
demand when using resistive heating, air-source and ground-source heat pump for the years 2050 
have been modelled in detail using EnergyPlus and DesignBuilder. The model take into account the 
improvement in building insulations for the existing and new buildings, the new build and building 
demolition rate, the increase in population, changes in consumer comfort levels (higher internal 
temperature) and changes in outdoor temperature (due to climate change). The results are 
comparable to those given in 2050 pathways report.  
The DSM impact according to different approaches to the electrified heating and hot water demand 
of domestic buildings for the year 2050 has been assessed. The studies are on an assumption of full 
electrification of consumers’ heating system by air-source heat pumps. Three different approaches 
for peak minimisation: temperature set point scheduling, turning heating system on throughout the 
day and controlling the installed hot water storage with heat pump are modelled and compared. It is 
concluded: 
– For the typical winter day, the peak reduction using temperature scheduling, preheating and 
storage are nearly 14GW, 13GW and 22GW respectively. For the severe cold winter day, the 
peak reductions are 27GW, 42GW and 51GW. Considering a CCGT plant with £700/kW 
capital cost [73], a reduction of 51GW by installing hot water storage in all houses can save 
£35,700M by avoiding investment in CCGT plant. 
– The heat pump with storage has the highest performance of peak minimisation at nearly 
16% and 22% of the total demand for the typical and severe cold winter days respectively 
with a small increase in energy consumption, i.e. less than 2%.  
– For the typical winter day, with preheating, the peak minimisation is 9% of the total demand 
which is about 60% of the storage approach. For the severe cold winter day, the peak 
minimisation is 18% of the total demand which is slightly less than the storage approach. 
– The scheduling of temperature setting approach achieves the peak minimisation of 10% and 
12% for the typical winter day and the severe cold winter days respectively. However, the 
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energy consumption is decreased by approximately 2% of the total demand for the 
temperature scheduling approach due to “the loss of comfort” during the control actions. 
– Commercial buildings are far more difficult to model due to the wide variety of building 
characteristics and occupancy patterns. 
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Chapter 8 – Generator model 
 
This chapter describes a simplified generation system simulation model used to examine DSM 
strategies for the year 2050. Generation capacity has been set to ensure that the peak demand is 
met with 100% electrification of domestic heating with domestic air-source heat pumps. The 
performances of three different DSM control strategies as described in section 7.7 are compared 
when they are connected to the power system. 
 
8.1 Generator model 
 
In this section, basic power system generation formulation is described. The objective function of 
the formulation is to minimise the generation cost within demand balancing constraints. 
 
8.1.1 Generator cost characteristics 
The relationship between a generator output and fuel cost can be represented using a quadratic 
function [63]. The fuel cost of generator   with a minimum and a maximum power generation,       
and       can be written as:  
                   
                                                             
where 
       is a cost of fuel of generator   as a function of its output level    
              are the coefficients of the fuel cost function of generator   
In order to simplify the formulation and speed up the optimisation solvers, the cost function can be 
approximated to be linear and then can be written as: 
                                                                                          
where 
   is no-load cost of generator   
    is output generator   
   is slope of the linear approximation cost function of generator   
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8.1.2 The objective function 
 
The objective function to be minimised is the sum of generator running costs for all generators 
    to   for all time     to  : 
 
               
 
   
        
         
  
 
   
               
where 
      is the value of lost load (VOLL) which is a maximum monetary value that the customer that it is 
assumed is willing to pay to avoid the interruption in their electricity supply 
 
  
  is load shedding or load curtailment to satisfy the demand balance at time   
 
      is a penalty attached to every unit of electricity spilled 
 
  
  is generation shedding at time   
 
 
8.1.3 Constraints 
System-level constraints 
The total generator output reduced by generation shedding need to be equal to system demand 
reduced by load shedding:  
     
 
   
   
    
                                                                     
where 
     is the total output of generator   at time   
   is the system demand at time   
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Generator-level constraints 
The generator output must be in between minimum and maximum levels: 
 
       
                                                                                                    
       
                                                                                          
 
Ramping constraints 
Ramping rate is the ability of generator to vary its output and is, normally expressed in units of 
power per unit of time (e.g. in megawatts per hour). A generator   is limited in upward and 
downward output change by rate   
  
and   
  : 
 
            
                                                                                         
              
                                                                 
 
            
                                                                                         
              
                                                                 
 
System reserve requirements 
At system level, the upward and downward reserve requirements at time   are equal   
  
and   
    : 
 
     
  
 
   
   
                                                                                                
     
  
 
   
   
                                                                                       
 
where  
 
    
  
is the contribution of generator   to provide upward reserve at time   
    
  is the contribution of generator   to provide downward reserve at time   
 
At generator level, each generator providing reserve cannot exceed its capacity at all time  : 
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Wind in the power balance constraint 
 
     
 
   
       
    
                                                                     
and 
                                                                                                     
where 
    is the actual wind output at time   
    is the forecasted available wind power at time   
   is the amount of wind to be shed when the wind output is high and the demand is low  
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8.2 Combination of generation model with DSM models 
 
The DSM model of temperature scheduling in chapter 5 and heat pump with storage model in 
chapter 6 are combined with generation model by modifying power balance equation constraints (8-
10). There are two models which are used separately for three case studies. The first model is for 
temperature scheduling including turning the heating system on and off throughout the day. The 
second model is for heat pump and DHW storage. 
 
8.2.1 Combination of generation model with temperature scheduling model 
 
To combine the generation model with the temperature scheduling model in chapter 5,        of 
equation (5-3) is added to constraint (8-10): 
 
     
 
   
       
    
                                                                             
 
The constraints (5-6) to (5-8) are included with those in the generation model. 
 
In the case of turning the heating on or off throughout the day,        is the difference between 
when the heating systems are on throughout the day and when the heating systems are not 
controlled by DSM. In this case, constraints (5-6) to (5-8) are not included. 
 
8.2.2 Combination of generation model with heat pump and storage model 
 
To combine the generation model with the heat pump and storage model in chapter 6,          of 
equation (6-6) is added to constraint (8-10): 
 
     
 
   
       
    
                                                                               
 
The constraints (6-7) to (6-12) are included with those in the generation model. 
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8.3 Test system data 
 
Table 8-1a: Generation data assumption for the year 2050 
Parameter 
Type 
Nuclear Coal CCS CCGT OCGT 
  
    (MW) 200 200 200 200 
  
    (MW) 500 500 500 500 
   (£) 300 1648 10928 33706 
  (£/MWh) 7 31 70 146 
  
  
(MW/h) 250 250 300 500 
  
  (MW/h) 250 250 300 500 
    (MW) 500 500 200 200 
            s (tonne/MWh) 0 0.08804 0.3682 0.57816 
     (£) 5000 
     (£) 0.2 
 
Table 8-1b: Assumption of number of generation unit for the year 2050 level3 pathway 
Number of Unit 
Type 
Nuclear Coal CCS CCGT OCGT 
Typical winter day 86 55 110 44 
Cold winter day pulled down 10oC 151 97 193 77 
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Tables 8-1 shows the assumption of generation system parameters and number of generation unit in 
the studies. Assumptions of system reserve requirements and wind generations are given in 
appendix C. 
8.4 Comparison results 
This section is the comparison of the cost minimisation results of residential electrified heating 
demand for the year 2050 by using three different DSM control strategies as stated in the previous 
chapter. The studies focus on 100% electrification by all air-source heat pumps and on a typical cold 
day. It is assumed that in year 2050, all residential building will have hot water storage and heat 
pumps installed and they are all controllable. The base electrical demand profile for the year 2050 is 
from DECC Strawman scenario [62]. The total electrical demand is the sum of base electrical demand 
and the electrified heating and hot water demand from heat pump. The generation and electrical 
demand for the year 2050 level3 of three different DSM approaches are shown in figures 8-1 and 8-2 
for typical winter weekdays and weekends respectively. Comparison of control energy, cost and CO2 
emissions on a typical winter day for the year 2050 level3 pathway are shown in table 8-2. The 
results in tables 8-2a-f are from independent simulations. 
 
 
Figure 8-1a: Controlled electrified demand on typical winter weekdays for the year 2050 level3, low-
wind, for cost minimisation 
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Figure 8-1b: Controlled electrified demand on typical winter weekends for the year 2050 level3, low-
wind, for cost minimisation 
 
 
Figure 8-2a: Controlled electrified demand on typical winter weekdays for the year 2050 level3, high-
wind, for cost minimisation 
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Figure 8-2b: Controlled electrified demand on typical winter weekends for the year 2050 level3, 
high-wind, for cost minimisation 
 
Comparing figure 8-1a with 8-2a and figure 8-1b with 8-2b, there are some difference between the 
demand and the base case generation during the night (the period between 0.00 and 4.00) for the 
low wind cases.  This is due to the fact that there is some generation shedding for the low wind case 
due to the lack of flexible demand from wind generation.  
Table 8-2a: Comparison of control energy, cost (at today’s prices) and CO2 emissions on a typical 
winter day for the year 2050  level3 pathway with low wind penetration 
  Base case 
(No control) DSM Preheating Storage 
Weekdays  
Energy (GWh) 2,131.3 2,102.0 2,330.3 2,132.9 
Cost (£M) 100.0 92.5 102.5 79.6 
Emissions (kt)  419.6 390.1 435.0 318.3 
Weekends  
Energy (GWh) 2,129.2 2,102.0 2,317.9 2,134.3 
Cost (£M) 96.6 90.1 100.1 79.6 
Emissions (kt)  409.2 382.4 423.8 318.5 
 
 
0 
20 
40 
60 
80 
100 
120 
140 
160 
00 02 04 06 08 10 12 14 16 18 20 22 00 
D
e
m
an
d
 (
G
W
) 
Hours 
Electrical demand by Controlling ASHP 100% 
Typical winter weekends: 2050 level3-High wind 
Demand 
Base Case 
DSM 
Preheat 
Storage 
Chapter 8– Generator model  
   
234 
 
Table 8-2b: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes 
from base case on a typical winter day for the year 2050 level3 pathway with low wind penetration 
  DSM Preheating Storage 
Weekdays  
Energy (GWh) -29.3 199.0 1.5 
Cost (£M) -7.4 2.6 -20.4 
Emissions (kt)  -29.5 15.5 -101.2 
Weekends  
Energy (GWh) -27.2 188.7 5.0 
Cost (£M) -6.5 3.5 -17.0 
Emissions (kt)  -26.8 14.6 -90.7 
 
Table 8-2c: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a typical winter day for the year 2050 level3 pathway with low wind 
penetration 
  DSM Preheating Storage 
Weekdays  
Energy (%) -1.4 9.3 0.1 
Cost (%) -7.4 2.6 -20.4 
Emissions (%)  -7.0 3.7 -24.1 
Weekends  
Energy (%) -1.3 8.9 0.2 
Cost (%) -6.8 3.6 -17.6 
Emissions (%)  -6.5 3.6 -22.2 
 
Table 8-2d: Comparison of controlled energy, cost (at today’s prices) and CO2 emissions on a typical 
winter day for the year 2050 level3 pathway with high wind penetration 
  Base case 
(No control) DSM Preheating Storage 
Weekdays  
Energy (GWh) 2,103.9 2,076.6 2,330.3 2,175.6 
Cost (£M) 47.3 42.7 40.9 22.3 
Emissions (kt)  173.2 148.7 131.1 39.1 
Weekends  
Energy (GWh) 2,102.0 2,075.8 2,317.9 2,172.3 
Cost (£M) 43.9 39.7 39.2 22.5 
Emissions (kt)  153.6 131.3 122.0 40.6 
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Table 8-2e: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes 
from base case on a typical winter day for the year 2050 level3 pathway with high wind penetration 
  DSM Preheating Storage 
Weekdays  
Energy (GWh) -27.3 226.4 71.7 
Cost (£M) -4.6 -6.4 -25.0 
Emissions (kt)  -24.5 -42.0 -134.1 
Weekends  
Energy (GWh) -26.2 216.0 70.4 
Cost (£M) -4.2 -4.7 -21.4 
Emissions (kt)  -22.3 -31.6 -113.0 
 
Table 8-2f: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a typical winter day for the year 2050 level3 pathway with high wind 
penetration 
  DSM Preheating Storage 
Weekdays  
Energy (%) -1.3 10.8 3.4 
Cost (%) -9.7 -13.5 -52.9 
Emissions (%)  -14.1 -24.3 -77.4 
Weekends  
Energy (%) -1.2 10.3 3.3 
Cost (%) -9.5 -10.7 -48.7 
Emissions (%)  -14.5 -20.6 -73.6 
 
It can be seen from table 8-2b and 8-2e which display the results for a typical winter day that the 
heat pump with storage can reduce the generation cost and CO2 emissions by approximately £20M 
and 101 kt respectively for the low wind case and by approximately £25M and 134 kt respectively for 
the high wind case. In percentages, the heat pump with storage has the lowest cost and CO2 
emissions reductions of 20% and 24% respectively for the low wind case and 53% and 77% 
respectively for the high wind case. It can be seen in the low wind case that the generation energy 
by using heat pump with storage is not different from the base case. The reason is that the heat 
pump with storage can increase the flexible demand and is therefore able to offset the generation 
shedding for the base case with the energy lost in the hot water storage. For the high wind case 
without generation shedding, the heat pump with storage increases the energy consumption due to 
the energy losses in the hot water storage. Comparing the generation energy for the base case, the 
generation energy by using heat pump with storage varies less than 4%. 
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With preheating, the cost and CO2 emissions increase by nearly about £3.5M and 15.5 kt respectively 
for the low wind case but decrease about £6M and 42 kt respectively for the high wind case due to 
free wind generation during the night while preheating. In percentage, the preheating increases the 
generation cost and CO2 emissions by up to about 3.6% and 3.7% respectively for the low wind case 
but decreases about 13.5% and 24% for the high wind case. Comparing the generation energy of the 
base case, the generation energy by preheating is approximately 10% higher. 
The temperature scheduling approach achieves a cost and CO2 reduction of nearly £7.4M and 29.5 kt 
respectively for the low wind case and £4.6M and 24.5 kt respectively for the high wind case. In 
percentage, the cost and CO2 reduction is up to about 7.4% and 7% for the low wind case and 9.7% 
and 14.5% for the high wind case. The generation energy by the temperature scheduling approach is 
up to 1.4% lower. 
The simulations are repeated for the worst case weather condition. In this severe cold winter case, 
the outdoor temperature profiles used are the temperature profiles of UK cold winter day lowered 
by 10oC. The generation and electrical demand for the year 2050 level3 of three different DSM 
approaches are shown in figures 8-3 and 8-4 for severe cold winter weekdays and weekends 
respectively. 
 
Figure 8-3a: Controlled electrified demand on severe cold winter weekdays for the year 2050 level3, 
low-wind, for cost minimisation 
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Figure 8-3b: Controlled electrified demand on severe cold winter weekdays for the year 2050 level3, 
low-wind, for cost minimisation 
 
 
Figure 8-4a: Controlled electrified demand on severe cold winter weekdays for the year 2050 level3, 
high-wind, for cost minimisation 
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Figure 8-4b: Controlled electrified demand on severe cold winter weekdays for the year 2050 level3, 
high-wind, for cost minimisation 
 
The electrical demands on the severe cold winter day in figures 8-3 and 8-4 are about 1.8 times 
higher than the demand on the typical winter day in figures 8-1 and 8-2. Comparison of control 
energy, cost and CO2 emissions on a severe cold winter weekday for the year 2050  level3 pathway 
are shown in table 8-3. 
Table 8-3a: Comparison of control energy, cost (at today’s prices) and CO2 emissions on a severe cold 
winter day for the year 2050  level3 pathway with low wind penetration 
  Base case 
(No control) DSM Preheating Storage 
Weekdays  
Energy (GWh) 3,220.9 3,160.8 3,783.0 3,257.5 
Cost (£M) 141.9 129.2 162.9 95.6 
Emissions (kt)  577.4 518.8 663.8 311.0 
Weekends  
Energy (GWh) 3,215.8 3,155.9 3,783.0 3,259.9 
Cost (£M) 135.3 125.7 162.6 95.8 
Emissions (kt)  545.7 497.9 662.2 311.9 
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Table 8-3b: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes 
from base case on a severe cold winter day for the year 2050 level3 pathway with low wind 
penetration 
  DSM Preheating Storage 
Weekdays  
Energy (GWh) -60.1 562.2 36.7 
Cost (£M) -12.7 21.0 -46.3 
Emissions (kt)  -58.6 86.4 -266.5 
Weekends  
Energy (GWh) -59.9 567.1 44.1 
Cost (£M) -9.7 27.3 -39.6 
Emissions (kt)  -47.8 116.5 -233.8 
 
Table 8-3c: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a severe cold winter day for the year 2050 level3 pathway with low wind 
penetration 
  DSM Preheating Storage 
Weekdays  
Energy (%) -1.9 17.5 1.1 
Cost (%) -9.0 14.8 -32.6 
Emissions (%)  -10.1 15.0 -46.1 
Weekends  
Energy (%) -1.9 17.6 1.4 
Cost (%) -7.1 20.2 -29.2 
Emissions (%)  -8.8 21.3 -42.8 
 
Table 8-3d: Comparison of controlled energy, cost (at today’s prices) and CO2 emissions on a severe 
cold winter day for the year 2050 level3 pathway with high wind penetration 
  Base case 
(No control) DSM Preheating Storage 
Weekdays  
Energy (GWh) 3,173.8 3,113.8 3,783.0 3,265.7 
Cost (£M) 97.5 86.4 81.2 43.5 
Emissions (kt)  370.1 310.8 240.6 71.6 
Weekends  
Energy (GWh) 3,168.1 3,108.9 3,783.0 3,267.7 
Cost (£M) 90.3 80.8 79.7 43.5 
Emissions (kt)  330.2 279.3 231.2 71.8 
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Table 8-3e: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes 
from base case on a severe cold winter day for the year 2050 level3 pathway with high wind 
penetration 
  DSM Preheating Storage 
Weekdays  
Energy (GWh) -60.0 609.2 91.9 
Cost (£M) -11.1 -16.3 -54.0 
Emissions (kt)  -59.4 -129.6 -298.5 
Weekends  
Energy (GWh) -59.1 614.9 99.6 
Cost (£M) -9.5 -10.5 -46.7 
Emissions (kt)  -50.9 -99.0 -258.4 
 
Table 8-3f: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a severe cold winter day for the year 2050 level3 pathway with high wind 
penetration 
  DSM Preheating Storage 
Weekdays  
Energy (%) -1.9 19.2 2.9 
Cost (%) -11.4 -16.7 -55.4 
Emissions (%)  -16.0 -35.0 -80.7 
Weekends  
Energy (%) -1.9 19.4 3.1 
Cost (%) -10.5 -11.7 -51.8 
Emissions (%)  -15.4 -30.0 -78.3 
 
It can be seen from the table 8-3b and 8-3e results on a severe cold winter day that the heat pump 
with storage can reduce the generation cost and CO2 emissions by approximately £46M and 267 kt 
respectively for the low wind case and by approximately £54M and 299 kt respectively for the high 
wind case. In percentages, the heat pump with storage has the lowest cost and CO2 emissions at 33% 
and 46% respectively for the low wind case and 55% and 81% respectively for the high wind case. 
Comparing the generation energy for the base case, the generation energy by using a heat pump 
with storage varies by about 3%.  
With preheating, the cost and CO2 emissions increase by nearly about £27M and 117 kt respectively 
for the low wind case but decreases by about £17M and 130 kt respectively for the high wind case 
due to free wind generation during the night while preheating. In percentages, the preheating 
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increases the generation cost and CO2 emissions by up to 20% and 21% respectively for the low wind 
case but decreases by about 17% and 35% for the high wind case. Comparing the generation energy 
of the base case, the generation energy by preheating is approximately 19% higher. 
The temperature scheduling approach achieves the cost and CO2 reduction nearly £13M and 59 kt 
respectively for the low wind case and £11M and 60 kt respectively for the high wind case. In 
percentage, the cost and CO2 reduction is up to 9% and 10% for the low wind case and 11% and 16% 
for the high wind case. The generation energy by the temperature scheduling approach is up to 2% 
lower. 
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Chapter 9 – Conclusions and future work 
9.1 Introductions 
 
In the context of the UK targets on CO2 emissions, FD can offer a viable alternative for system 
balancing and thus offsetting of CO2 emissions arising from reserve plant operation. In the near 
future, thermal related electrical loads of HVAC systems could play an important role in FD. HVAC 
devices could offer a large potential to DSM application due to the intrinsic thermal inertia provided 
by buildings and water which have a longer time constant than other electrical loads. Particularly as 
they are likely to result in an increase in electricity demand as thermal loads are decarbonised, e.g. 
electric heating with heat pumps for instance. It is also envisaged to be able to also offer load 
flexibility to help manage the variability associated with intermittent renewable generation such as 
wind and solar power.  
In order to study the feasibility and benefits of DSM as a service to system operators, a system 
simulation model has been developed with an overall objective to investigate the DSM potential 
associated with HVAC systems electrical demand for balancing and security of supply purposes. 
More specifically, the model developed quantifies the environmental and financial benefits of 
widespread penetration of FD for balancing supply and demand within the whole GB future power 
system, as well as identifying and addressing any further power system issues.  
9.2 Contributions and finding of this research 
 
In this thesis, detailed modelling of the thermal energy consumption (heating and cooling) required 
to keep a building at predefined temperature settings has been analysed and presented. The study is 
supported by the well-proven software tools EnergyPlus and DesignBuilder, which model building 
thermal behaviour under various steady-state and dynamic conditions.  
General contribution 1: Performing sensitivity studies to evaluate of the impact of different factors 
on the thermal energy profiles 
Based on numerical simulations, extensive analysis of how different parameters influence the 
building thermal energy requirements (cooling and heating) has been carried out in order to gain 
insights on thermal load physics, load modelling and simulation. In particular, thermal loads for 
different typical building types (domestic and commercial premises) have been modelled starting 
from typical data available in the literature and from statistical data. Mostly using information 
available as a starting point, it has been exemplified how the shape and amplitude of thermal load 
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patterns (cooling and heating) depend on the building types, construction characteristics, size, 
occupancy patterns, and, crucially important, seasons (which determine the outdoor temperature 
profile). For the sake of completeness, hot water consumption has been modelled.  
A set of sensitivity studies has been performed. These studies, evaluate the impact of different 
factors on the thermal energy profiles, have resulted in the formulation of scaling factors that link 
the characteristics of base case building examples to a group of generic buildings. In this way, by 
exploiting these scaling factors, aggregation of a number of buildings can be carried out by reducing 
the number building in the simulation, enabling, at the same time, to carry out system-wide energy 
modelling. In this respect, a statistical model has been implemented to support the creation of an 
aggregated thermal energy demand for a given region with different types of buildings and 
behavioural diversity. The main conclusions are as follows: 
– The hot water consumption is not to vary substantially through the year. 
– The combination of thermal energy and hot water consumption determine the overall 
building thermal energy requirement. 
General contribution 2: Analyses of the thermal behaviour of HVAC systems and the building 
response under different nominal and DSM-controlled conditions 
The thermal behaviour of HVAC systems and the building response under different nominal and 
DSM-controlled conditions has been analysed, with the specific aim of getting a good understanding 
of changes in the comfort level and the energy payback phenomenon. In particular, changes in the 
temperature set points of different duration, as well as on-off control for different duration, have 
been discussed. Understanding how to model control actions, as well as their relevant implications, 
is represented a crucial temperature for the implementation of control actions that minimise 
discomfort and realistically reflects the impact of DSM on the power system. The main conclusions 
of the studies can be summarised as follows: 
– The energy demands for respectively cooling and heating of the buildings considered using 
different control durations has been tested on a typical building. I was found that the control 
actions should meet minimum predefined comfort level constraints by not turning off the 
HVAC systems longer than 30 minutes. 
– DSM can save energy but only because of the heat interruption. During this period, comfort 
is lost due to the drop of indoor temperature.  
Main contribution 1: Modelling of UK domestic heating, hot water and their electrified demand for 
the year 2050 
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The UK domestic heating, hot water and their electrified demand when using resistive heating, air-
source and ground-source heat pump for the years 2050 have been modelled in detail using 
EnergyPlus and DesignBuilder. The model takes into account the improvement in insulations for the 
existing built new buildings, the new build and demolition rate of buildings, the population increase, 
the changing of temperature comfort and the changing of future outdoor temperature. The demand 
results from the model are similar to those given in 2050 pathways report. For the commercial 
buildings, the heating/cooling, hot water demands are also model for the year 2007 with the focus 
on offices and retail stores. 
Main contribution 2: Assessment of DSM impact using different approaches for the electrified 
heating and hot water demand of domestic buildings for the year 2050 
The DSM impact using to different approaches for the electrified heating and hot water demand of 
domestic buildings for the year 2050 has been assessed. The studies are on an assumption of full 
electrification of consumers’ heating system by air-source heat pumps. Three different approaches 
for peak minimisation: temperature set point scheduling, turning heating system on throughout the 
day and controlling the installed hot water storage with heat pump are modelled and compared. The 
main conclusions of the modelling can be summarised as follows: 
– For the typical winter day, the peak reduction using temperature scheduling, preheating and 
storage are nearly 14GW, 13GW and 22GW respectively. For the severe cold winter day, the 
peak reductions are 27GW, 42GW and 51GW. Considering a CCGT plant with £700/kW 
capital cost [73], a reduction of 51GW by installing hot water storage in all houses can save 
£35,700M by avoiding investment in CCGT plant. 
– The heat pump with storage has the highest performance of peak minimisation at nearly 
16% and 22% of the total demand for the typical and severe cold winter days respectively 
with a small increase in energy consumption, i.e. less than 2%. 
– For the typical winter day, with preheating, the peak minimisation is 9% of the total demand 
which is about 60% of the storage approach. For the severe cold winter day, the peak 
minimisation is 18% of the total demand which is slightly less than the storage approach.  
– The scheduling of temperature setting approach achieves a peak minimisation of 10% and 
12% for the typical winter and the severe cold winter days respectively. However, the energy 
consumption is decreased by approximately 2% of the total demand for the temperature 
scheduling approach due to the “loss of comfort” during the control actions. 
– Commercial buildings are far more difficult to model due to the wide variety of building 
characteristics and occupancy patterns. 
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Main contribution 3: Assessment of DSM impact according to the previous different approaches 
with the generation systems for the year 2050 
The HVAC DSM models with and without hot water storage have been integrated into a generation 
scheduling model. More specifically, this is done through mathematical modelling and 
implementation of a scheduling algorithm that incorporates simultaneously generation and demand. 
Controllable demand can be used as a resource for providing short-term balancing capability for 
demand and supply, peak load management, and provision of reserve and frequency regulation 
services in addition to or alternatively to “classic” conventional generation units. Optimisation 
algorithms are able to schedule the DSM operation of HVAC or hot water storage (by scheduling a 
set of control actions) over time. These scheduling algorithms are the basis for evaluating the most 
suitable strategies for DSM among a set of potential candidates. 
The final results are the assessment of cost and emissions reduction for 2050 generation system on a 
typical winter and severe cold winter days using the three different approaches. Likewise peak 
minimisation, hot water storage approach has the highest ability for cost and emissions reduction. 
The main conclusions of the modelling can be summarised as follows: 
– On a typical winter day: 
– The heat pump with storage can reduce the generation cost and CO2 emissions by 
approximately £20M and 101 kt respectively for the low wind case and by 
approximately £25M and 134 kt respectively for the high wind case. 
– With preheating, the cost and CO2 emissions increase by nearly £3.5M and 15.5 kt 
respectively for the low wind case but decrease by nearly £6M and 42 kt respectively 
for the high wind case due to free wind generation during the night while 
preheating. 
– The temperature scheduling approach achieves the cost and CO2 reduction of nearly 
£7.4M and 29.5 kt respectively for the low wind case and £4.6M and 24.5 kt 
respectively for the high wind case.  
– On a severe cold winter day: 
– The heat pump with storage can reduce the generation cost and CO2 emissions by 
approximately £46M and 267 kt respectively for the low wind case and by 
approximately £54M and 299 kt respectively for the high wind case. 
– With preheating, the cost and CO2 emissions increase by nearly £27M and 117 kt 
respectively for the low wind case but decrease by nearly £17M and 130 kt 
respectively for the high wind case. 
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– The temperature scheduling approach achieves a cost and CO2 reduction of nearly 
£13M and 59 kt respectively for the low wind case and £11M and 60 kt respectively 
for the high wind case. 
 
9.3 Future work 
In this section some possible directions for future research are presented. 
– Commercial sector - It has not been possible to model commercial buildings to the same 
level of detail as domestic.  This requires generic models to be constructed which are 
sufficiently robust to be as representative as those used for the domestic sector in the 
Nationwide Housing Survey.  Commercial buildings also present other challenges as their 
lifecycle is much shorter than domestic buildings as they are much more likely to be replaced 
or substantially renovated.  Hence, determining the heating and cooling requirements in 
2050 is very uncertain.  However, although in 2007 the commercial sector’s heating and 
cooling requirements is only 22% of the total for the UK, this is likely to increase as efficiency 
improvements are delivered to the domestic sector.  Hence, it is important that research is 
performed to gain a better understanding of the commercial sector and how this will change 
over the period to 2050. 
 
– Opportunities for building specific DSM – The studies analysed have assumed simple building 
controls with a single zone and specified temperature and timer settings.  However, lifestyle 
patterns may permit multiple zones with the associated controls.  For example, bedrooms 
are only heated in the mornings and in the evenings.  This offers the potential to reduce 
energy consumption and also may offer more opportunity for DSM with minimal impact on 
comfort factors and warrants research to assess the potential.  
 
– Thermal demand of a large number of buildings - EnergyPlus and DesignBuilder are very 
powerful software for simulating the thermal performance of a single building.  For large 
numbers of buildings the software is inappropriate due to computing required.  Hence it is 
impractical to simulate the thermal requirements of a town, for example, and thereby 
explore the aggregation effects of large numbers of building with different characteristics, 
timer and other control settings, etc.  A simple thermal model such as the resistance-
capacitance model in chapter 2 could be an alternative way to model large building groups 
and this is an important area of research to support the determination of the infrastructure 
required to meet the aggregated energy requirements. 
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– Networks and constraint management - The generation system model used in this thesis so 
far is a simplified model based on a system without network model.  The inclusion of a 
network would enable the potential of DSM to manage network congestion to be 
researched.  
 
– Heat network directly fed by a large heat pump – The heat pump model in this thesis is to be 
applied in the modelling of a UK heat network directly fed by a large heat pump. 
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Appendix A – Characteristics and number of UK domestic buildings 
A-1 Characteristic and number of UK domestic buildings for the year 2002 and 2007 
Data from Nationwide building society [29] provide the characteristics of each type of house shown 
in table A-1 to A-4. The regional percentages of sales are shown in table A-5.   
 Table A-1: Characteristic of UK detached houses 
Detached Houses 
Old 
(pre WWII) 
Modern 
(post WWII) 
New Build 
 
Average 
(or Total) 
% of sales 17 69 14 100 
Average floor area (m2) 153 139 152 143 
Average number of bedrooms 3.43 3.64 3.94 3.64 
Average number of bathrooms 1.72 2.02 2.32 2.02 
 
Table A-2: Characteristic of UK semi-detached houses 
Semi-Detached Houses 
Old 
(pre WWII) 
Modern 
(post WWII) 
New Build 
 
Average 
(or Total) 
% of sales 38 57 5 100 
Average floor area (m2) 114 98 111 105 
Average number of bedrooms 3.03 2.93 3.13 2.93 
Average number of bathrooms 1.41 1.52 1.92 1.52 
 
Table A-3: Characteristic of UK Terrace houses 
Terraced Houses 
Old 
(pre WWII) 
Modern 
(post WWII) 
New Build 
 
Average 
(or Total) 
% of sales 52 42 6 100 
Average floor area (m2) 101 88 112 96 
Average number of bedrooms 2.63 2.63 3.03 2.63 
Average number of bathrooms 1.31 1.41 1.92 1.41 
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Table A-4: Characteristic of UK Flats 
Flats 
Old 
(pre WWII) 
Modern 
(post WWII) 
New Build 
 
Average 
(or Total) 
% of sales 44 47 9 100 
Average floor area (m2) 74 66 71 70 
Average number of bedrooms 1.72 1.72 1.82 1.72 
Average number of bathrooms 1.21 1.21 1.52 1.21 
 
In tables A-1 to A-4, the numbers of rooms are rounded from the original average decimal number 
into integer in order to be able to create realistic house models in EnergyPlus software.  Based on 
information from Nationwide building society, UK houses are categorised into three different age 
groups:  old (pre WWII), modern (post WWII) and new build houses. 
The insulation of buildings is modelled based on the building regulations for the year in which the 
buildings were built as shown in table A-6. For statistical purposes the stock estimates are expressed 
to the nearest thousand but should not be regarded as accurate to the last digit. Components may 
not sum to total due to rounding. 
Table A-5: Regional percentage of sales [29] 
Dwelling Type 
Detached 
Houses 
Semi-
Detached 
Houses 
Terraced 
Houses 
Flats 
North East 21 37 28 21 
North West 19 43 29 19 
Yorkshire and the Humber 22 38 31 22 
East Midlands 32 36 22 32 
West Midlands 26 41 25 26 
East 30 31 26 30 
London 4 21 30 4 
Outer Met 19 33 31 19 
South East 24 30 28 24 
South West 24 30 30 24 
England 27 33 29 27 
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Table A-6: Year built of dwelling stock by region based on 31 March 2006 [30] 
Year built Before 
1851 
1851 
to 
1918 
1919 
to 
1944 
1945 
to 
1964 
1965 
to 
1984 
1985 
to 
1994 
1995 
or 
later 
All 
percentage 
All 
dwellings 
thousands 
North East 3 14 18 27 25 6 7 100 1,137 
North West 3 18 21 22 23 6 7 100 327 
Yorkshire and the Humber 4 17 18 22 25 7 7 100 2,218 
East Midlands 4 12 16 22 27 9 10 100 1,880 
West Midlands 4 11 20 24 27 7 7 100 2,293 
East 5 13 13 23 28 9 9 100 2,414 
London 2 24 32 15 19 4 4 100 3,192 
South East 4 15 16 23 26 8 8 100 3,536 
South West 7 13 12 21 28 12 8 100 2,291 
England 4 16 19 22 25 7 7 100 21,989 
 
 
If houses were built before or around 1920-1930, its external walls are likely to be solid rather than 
‘cavity walls’ [64], [65]. Cavity walls are made of two layers with a small gap or ‘cavity’ between 
them. This cavity acts as a barrier to reduce heat flow through the wall. Solid walls have no such gap 
and this allows more heat to pass through compared to cavity walls. From the information of year 
built of dwelling stock in table A-6, and assumption has been made to classify all houses into old, 
modern and new houses. The old houses are the houses built before 1944 (solid wall). The modern 
houses are the houses built between 1945 and 1984 (cavity wall). The new houses are the house 
built 1985 or later (cavity wall with insulation). Table A-7 shows the assumption of percentage of 
dwelling stock derived from table A-6. 
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Table A-7: Regional percentage of dwelling stock by age from table A-6 
Dwelling Type 
Old  
(built before 
1944) 
 
 
Solid wall 
Modern 
(built 1945-
1984) 
 
 
 Cavity wall 
New Build 
(built 1985 or 
later)  
 
Cavity wall 
with insulation 
North East 35 52 13 
North West 42 45 13 
Yorkshire and the Humber 39 47 14 
East Midlands 32 49 19 
West Midlands 35 51 14 
East 31 51 18 
London 58 34 8 
South East 35 49 16 
South West 32 49 20 
England 39 47 14 
 
It is assumed that half of the numbers of houses built before WWII (in table A-1 to A-4) were built 
before 1944. Therefore, the percentage of sales corresponding to the wall construction is shown in 
table   A-8. 
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Table A-8: Percentage of sales classified by wall construction type 
% of sales 
Old 
(built before 
1944) 
Modern 
(built 1945-
1984) 
New Build 
(built 1985 or 
later) 
Total 
Detached Houses 17 69 14 100 
Semi-Detached Houses 38 57 5 100 
Terraced Houses 52 42 6 100 
Flats 44 47 9 100 
  
Percentages of dwelling stock by type and regions from national statistics are given in table A-9. 
Comparing the percentages of stock in table A-9 with the percentages of sales in table A-5, they look 
quite similar. 
Wales’s percentages of dwelling stock by types are assumed equal to those of England. Using 
percentages of sales of each dwelling type in table A-8 and percentage of regional dwelling stock in 
table A-9, the breakdown of dwelling ages by regions are shown in the table A-10.  
By comparing table A-7 (from national statistical data) with table A-10 (from national statistic data 
and Nationwide building society), there are small differences of percentages between them. 
However, table A-10 (from merged data between national statistics and Nationwide building society) 
has been chosen for UK dwelling demand modelling. 
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Table A-9: Regional percentage of dwelling stock by type (Statistical data 2002) [30] 
Dwelling Type 
Detached 
Houses 
Semi-
Detached 
Houses 
Terraced 
Houses 
Flats All 
dwellings 
thousands 
North East 15 41 31 13 1,118 
North West 17 38 33 11 2,955 
Yorkshire and the Humber 20 38 31 10 2,165 
East Midlands 35 38 19 8 1,812 
West Midlands 23 39 28 10 2,236 
East 30 31 26 11 2,326 
London 12 27 31 29 3,106 
South East 29 28 25 16 3,417 
South West 33 28 24 14 2,203 
England 23 32 28 16 21,337 
Wales  23  32  28  16  1,330  
Scotland  21  20  21  38  2,461  
GB  23  31  27  19  25,128  
 
Table A-10: Regional percentage of dwelling stock by age from table A-1 to A-4 and A-9 
Dwelling Type 
Old 
(built before 
1944) 
Modern 
(built 1919-
1945) 
New Build 
(built 1985 or 
later) 
North East 40 53 7 
North West 39 52 7 
Yorkshire and the Humber 38 53 7 
East Midlands 34 58 9 
West Midlands 38 55 8 
East 35 54 8 
London 41 50 7 
South East 36 54 8 
South West 35 55 9 
England 38 53 8 
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Apart from numbers of dwellings, the insulation of the building also needed to be modelled. 
Assumptions of insulation level are made for old, modern and new build houses as shown in table A-
11 based on 2050 Pathways Analysis Report [6] and DesignBuilder software UK construction 
template [5] . Table A-12 shows regulated U-values for new buildings in Great Britain [66]. The “Old” 
building model is solid wall without insulation. The “Modern” building model is cavity wall without 
insulation. The “New build” building model is cavity wall with insulation complied with 2006 building 
regulation. 
 
Table A-11: Assumptions of domestic building insulations 
Model Age Insulation 
Roof          
U-value 
(W/m2K) 
Wall        
U-value 
(W/m2K) 
Window 
U-value 
(W/m2K) 
Floor        
U-value 
(W/m2K) 
ac/h 
Old 
built before 
1944 
Solid wall 0.29 2.2 2.2 0.6 1.2 
Modern 
built 1945-
1984 
Cavity wall 0.29 1.6 2.2 0.6 1.2 
New 
Build 
built 1985 
or later 
Cavity wall with 
PartL2006 Insulation  
0.16 0.35 2.0 0.25 0.5 
 
Table A-12: Regulated minimum U-values for new buildings in Great Britain [66] 
Year 
Roof U-value 
(W/m2K) 
Wall U-value 
(W/m2K) 
Window U-value 
(W/m2K) 
Floor U-value 
(W/m2K) 
1965 1.42 1.7 – – 
1976 0.6 1 – – 
1982 0.35 0.6 – – 
1990 0.25 0.45 – 0.45 
1994 0.2 0.45 3 0.35 
2002 0.16 0.35 2.0–2.2 0.25 
 
From housing statistic 2007 [30], average household size of England in 2006 is 2.35 persons per 
household. For simplicity, assumptions of number of people living in each type of house are shown 
in table A-13. This table is used to model internal heat gains of EnergyPlus software. 
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Table A-13: Assumptions of number of occupancy in each dwelling type 
Dwelling Type 
Number of 
residents 
Detached Houses 4 
Semi-Detached Houses 3 
Terraced Houses 2 
Flats 1 
 
UK weather data used in the model are from EnergyPlus software [4] and DesignBuilder software [5]. 
For simplicity, the regions of the UK are categorised into three locations: the north, the middle and 
the south. The assumption of UK region classification into locations is shown in table A-14.  
Table A-14: Classification of UK regions into three locations 
Location Region 
The north Scotland 
The middle North East, North West, Yorkshire and the Humber, East Midlands, West Midlands 
and Wales 
The south East of England, London, South East and South West 
 
The weather data files give notification of four recommended weeks of the year that should be used 
in the simulation: winter designed week, typical winter week, summer designed week and summer 
typical week. Table A-15 shows the weather data and the date that used in the modelling. Winter 
and summer designed weeks are the coldest and warmest weeks used for designing purpose to 
determine the size of heating and cooling devices. Winter and summer typical weeks are typical 
weeks used to represent typical heating and cooling demands required during winter and summer. 
By simulating annual heat demand profiles, midseason days are chosen by looking at the demand 
during the midseason periods that require about half the heating demand of those for a typical 
winter day. 
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Table A-15: Weather data used in EnergyPlus simulation 
Location Weather 
station used 
Winter 
designed 
day 
Winter 
typical day 
Midseason 
day 
Summer 
designed 
day 
Summer 
typical day 
The north Aberdeen 30 Dec 15 Feb 22 Oct 4 Aug 11 Aug 
The middle Finningley 28 Dec 18 Dec 22 Oct 7 Jul 30 Jun 
The south London 2 Dec 22 Jan 22 Oct 18 Aug 30 Jun 
 
Average internal temperatures in households have risen from 12oC in 1970 to 17.5oC in 2007 [6]. 
Using this information, it is assumed that the heating setpoint of all houses is 18oC between in the 
morning and evening. The heating is off outside these hours. Detailed of temperature setting is 
shown in table A-16. 
Table A-16: Heating temperature setting assumption for UK domestic building 
Timer 
setting 
Heating set 
point 
December - March April - November 
Weekdays Weekends Weekdays Weekends 
Morning 18oC 6.00-8.00 8.00-10.00 6.00-8.00 8.00-10.00 
Evening 18oC 16.00-23.00 16.00-23.00 18.00-23.00 18.00-23.00 
 
The simulations have been run using year 2002 weather data given in EnergyPlus software using 
1hour resolution.  
Gas sales 2002 [59] have been used to verify the simulation results with the model. It was found that 
the average daily UK temperature of year 2002 from National grid data is higher than the average 
daily temperature of the weather stations used in the simulations by 1.35oC. Therefore, the outdoor 
temperature profiles of all weather stations used in the simulations have been increased by 1.35oC.  
By matching the seasonal heating consumption of the model with the annual regional heating 
consumption from gas data, the durations (numbers of weeks) of winter, summer and midseason of 
each location is shown in table A-17.  
  
Appendix A  – Characteristics and number of UK domestic buildings  
   
262 
 
Table A-17: Numbers of seasonal weeks for each location obtained by matching the demand from 
EnergyPlus simulation with the demand obtained from gas data  
Location Numbers of Winter 
weeks 
Numbers of Summer 
weeks 
Number of Midseason 
weeks 
The north 8 22 22 
The middle 10 22 20 
The south 13 8 31 
 
 
A-2 Characteristic and number of UK domestic buildings for the year 2050 
 Table A-18: Four levels of change in internal temperature and hot water demand per household 
 
Year 2050 Level1 Level2 Level3 Level4 
Internal temperature change from 
2007 
+2.5oC +0.5oC -0.5oC -1.5oC 
Hot water demand per household +50% 0% -25% -50% 
 
Table A-19: Four levels of take up of insulation measures 
Number of 
households receiving 
measures 
Level1 Level2 Level3 Level4 
Solid wall 400,198 2,000,989 5,602,770 7,659,250 
Cavity wall 2,287,500 4,575,000 6,862,500 8,755,936 
Floor 3,570,000 5,355,000 7,140,000 11,387,501 
Triple glazing 2,366,000 8,281,000 14,196,000 22,641,032 
Loft 1,116,665 6,699,990 17,866,640 21,439,968 
Air-tightness 62,832 6,283,194 12,566,389 24,050,381 
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Table A-20: Four levels of future new house characteristics 
U-value of 
New Build 
house 
measures 
(W/m2K) 
Level1 
Level2 
and 
Level3 
Level4 
Wall 0.28  0.15 0.15 
Floor 0.22 0.15 0.15 
Triple glazing 1.6 0.8 0.8 
Loft 0.16 0.11 0.11 
 
Table A-21: Four levels of infiltration rate of future new houses 
Infiltration 
rate of New 
Build house 
(ac/h) 
Level1 
Level2 
and 
Level3 
Level4 
Air-tightness 0.4 0.24 0.03 
 
The new build standard for Level 1 complies with Building Regulations 2000, Part L [67]. 
The new build standard for levels 2 and 3 is the middle specification (Specification C-) of the five 
considered in the December 2009 consultation on fabric efficiency standards for zero carbon homes 
[68]. 
 
The new build standard for level 4 is complying with PassivHaus standard [69]. PassiveHaus is a 
domestic thermal efficiency standard developed in Europe. It represents close to the limit of what is 
physically possible in terms of energy demand reduction for heating, and is based on extremely high 
standards of insulation and air tightness. Only small amounts of heating system top-up are required 
in winter. 
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Table A-22: Estimation of space heating demand due to the indoor and outdoor temperature change 
Temperature change Base case 
2007 
Level1 
2050 
Level2 
2050 
Level3 
2050 
Level4 
2050 
Indoor temperature change 
from base case 2007 
- +2.5oC +0.5 oC -0.5 oC -1.5 oC 
Outdoor temperature change 
from 2007 
- +2.5 oC +2.5 oC +2.5 oC +2.5 oC 
Temperature change from 
2002 
+1.04 oC +1.04 oC +1.04 oC +1.04 oC +1.04 oC 
Total temperature difference 
change 
+1.04 oC +1.04 oC -0.96 oC -1.96oC -2.96 oC 
Energy change -7.80% -7.80% -7.20% -14.70% -22.2% 
 
The number of UK household in year 2007 is 25,132,778. Using this household number as a 
reference, the percentage of four levels of take up of insulation measures are shown in Table A-23. 
Table A-23: Four levels of take up of insulation measures refer to total number of household in year 
2007 
 
level1 level2 level3 level4 
Solid wall 2% 8% 22% 31% 
Cavity wall 9% 18% 27% 35% 
Floor 14% 21% 28% 45% 
Triple glazing 9% 33% 56% 90% 
Loft 4% 27% 71% 85% 
Air-tightness 0% 25% 50% 96% 
 
The sensitivity study has been done by comparing heating demand profiles of house for each 
insulation measure from EnergyPlus simulation. Table 7-24 the average energy reduction of each 
insulation measure taken from the previous analysis. 
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Table A-24: Average all houses energy reduction from sensitivity analysis 
Measures by 
order 
Average 
Energy 
reduction 
Solid wall 23% 
Cavity wall 18% 
Floor 3% 
Triple glazing 5% 
Loft 1% 
Air-tightness 27% 
 
By multiplying the percentage of average energy reduction in table A-24 with the percentage of four 
levels of take up of insulation measures in table A-23, the percentages of energy reduction to the 
base case (no insulation measures) are shown in table A-25. 
Table A-25: Percentage of energy reduction calculated from table A-23 and A-24 
Energy 
Reduction 
due to 
measures 
Level1 Level2 Level3 Level4 
Solid wall 0.37% 1.83% 5.12% 7.02% 
Cavity wall 1.64% 3.28% 4.91% 6.29% 
Floor 0.43% 0.64% 0.85% 1.36% 
Triple glazing 0.47% 1.65% 2.82% 4.52% 
Loft 0.04% 0.27% 0.71% 0.85% 
Air-tightness 0.00% 6.75% 13.50% 25.92% 
Combined 2.94% 14.41% 27.92% 45.96% 
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Table A-26: Percentage of energy and peak reduction of future new build houses to the current new 
houses from the study 
All houses 
New house 
(Base case) Level1 Level2,3 Level4 
Energy reduction 0% 20% 57% 85% 
Peak reduction 0% 21% 57% 85% 
 
 
A-3 Results from the model for the year 2050 level1, level2 and level4 
 
Figure A-1a:  Typical day heating and DHW hourly demand for the year 2050 level1 
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Figure A-1b:  Typical day heating and DHW hourly demand for the year 2050 level2 
 
 
Figure A-1c:  Typical day heating and DHW hourly demand for the year 2050 level4 
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Figure A-2a:  Annual heating and DHW hourly demand for the year 2050 level1 
 
 
Figure A-2b:  Annual heating and DHW hourly demand for the year 2050 level2 
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Figure A-2c:  Annual heating and DHW hourly demand for the year 2050 level4 
 
 
Figure A-3a: Electrified heating and DHW hourly demand on typical day for the year 2050 level1 
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Figure A-3b: Electrified heating and DHW hourly demand on typical day for the year 2050 level2 
 
 
Figure A-3c: Electrified heating and DHW hourly demand on typical day for the year 2050 level4 
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Figure A-4a: Annual electrified heating and DHW hourly demand for the year 2050 level1 
 
  
Figure A-4b: Annual electrified heating and DHW hourly demand for the year 2050 level2 
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Figure A-4c: Annual electrified heating and DHW hourly demand for the year 2050 level4 
 
 
Figure A-5a: Heating and DHW hourly demand on winter cold day for the year 2050 level1 
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Figure A-5b: Heating and DHW hourly demand on winter cold day for the year 2050 level2 
 
 
Figure A-5c: Heating and DHW hourly demand on winter cold day for the year 2050 level4 
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Figure A-6a: Heating and DHW hourly demand on winter cold day for the year 2050 level1 when the 
heating on throughout the day 
 
 
Figure A-6b: Heating and DHW hourly demand on winter cold day for the year 2050 level2 when the 
heating on throughout the day 
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Figure A-6c: Heating and DHW hourly demand on winter cold day for the year 2050 level4 when the 
heating on throughout the day 
 
 
Figure A-7a: Electrified heating and DHW hourly demand on winter cold day for the year 2050 level1 
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Figure A-7b: Electrified heating and DHW hourly demand on winter cold day for the year 2050 level1 
 
 
Figure A-7c: Electrified heating and DHW hourly demand on winter cold day for the year 2050 level4 
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Figure A-8a: Electrified heating and DHW hourly demand on winter cold day for the year 2050 level1 
when the heating on throughout the day 
 
 
Figure A-8b: Electrified heating and DHW hourly demand on winter cold day for the year 2050 level2 
when the heating on throughout the day 
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Figure A-8c: Electrified heating and DHW hourly demand on winter cold day for the year 2050 level4 
when the heating on throughout the day 
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Figure A-9a: Diversified heating demand on typical winter weekdays for the year 2050 
 
 
Figure A-9b: Diversified heating demand on typical winter weekends for the year 2050 
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Figure A-9c: Diversified electrical demand on typical winter weekdays for the year 2050 
 
 
Figure A-9d: Diversified electrical demand on typical winter weekends for the year 2050 
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Figure A-9e: Diversified heating demand on severe cold winter weekdays for the year 2050 
 
 
Figure A-9f: Diversified heating demand on severe cold winter weekends for the year 2050 
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Figure A-9g: Diversified electrical demand on severe cold winter weekdays for the year 2050 
 
 
Figure A-9h: Diversified electrical demand on severe cold winter weekends for the year 2050 
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Figure A-10a: Electrified demand of air-source heat pumps on typical winter weekdays for the year 
2050 level1 
 
  
Figure A-10b: Electrified demand of air-source heat pumps on typical winter weekends for the year 
2050 level1 
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Figure A-10c: Electrified demand of air-source heat pumps on typical winter weekdays for the year 
2050 level2 
 
 
Figure A-10d: Electrified demand of air-source heat pumps on typical winter weekends for the year 
2050 level2 
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Figure A-10e: Electrified demand of air-source heat pumps on typical winter weekdays for the year 
2050 level4 
 
 
Figure A-10f: Electrified demand of air-source heat pumps on typical winter weekends for the year 
2050 level4 
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Figure A-10g: Electrified demand of air-source heat pumps on severe cold winter weekdays for the 
year 2050 level1 
 
 
Figure A-10h: Electrified demand of air-source heat pumps on severe cold winter weekends for the 
year 2050 level1 
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Figure A-10i: Electrified demand of air-source heat pumps on severe cold winter weekdays for the 
year 2050 level2 
 
 
Figure A-10j: Electrified demand of air-source heat pumps on severe cold winter weekends for the 
year 2050 level2 
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Figure A-10k: Electrified demand of air-source heat pumps on severe cold winter weekdays for the 
year 2050 level4 
 
 
Figure A-10l: Electrified demand of air-source heat pumps on severe cold winter weekends for the 
year 2050 level4 
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A-4 Electrification technology pathways for the year 2050 
Table A-27: Electrification levels for heating technology pathways 
Level  Electrification level  
Percentage of UK built 
environment heat demand met by 
electric heating technologies  
1  Very Low  Max 20%  
2  Low  Up to 35%  
3  Medium  Up to 90%  
4  High  Up to 100%  
 
Table A-28: UK monthly average ground temperature 2008 
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
2008 9.7 8 7.7 7.3 7 8.7 10.3 12 12.3 12.7 13 11.3 
2050 12.2 10.5 10.2 9.8 9.5 11.2 12.8 14.5 14.8 15.2 15.5 13.8 
 
 
Figure A-11a: UK outdoor temperature on typical winter day for the year 2050 
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Figure A-11b: UK outdoor temperature on severe cold winter day for the year 2050 
 
A-5 The estimation of the reduction in heat demand by different techniques 
Table A-29: Base case building characteristics in the study 
 Detached 
house 
Semi-detached 
house 
Terraced house Flats 
Floor area (m2) 153 114 101 74 
Number of bedrooms 3 3 3 2 
Number of bathrooms 2 1 1 1 
Source: Nationwide Building Society 
Table A-30: Insulation measures based on insulation measures listed in the 2050 Pathways report 
Intrusiveness 
(Ranked least to 
most) 
Measure U-value before 
measure (W/m2-K) 
U-value after 
measure 
(W/m2-K) 
1 Loft insulation 0.29 0.16 
2 Cavity wall insulation 1.60 0.35 
3 Triple-glazing or equivalent 2.20 1.00 
4 Floor insulation 0.6 0.16 
5 Solid wall insulation 2.20 0.35 
Source: 2050 Pathway Analysis July 2010, HM Government 
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Table A-31: draught-proofing for domestic buildings 
Measure Assumed average air 
permeability (m3/m2. 
hr@50Pa) before measure 
Assumed average air 
permeability (m3/m2. 
hr@50Pa) after measure 
Draught-proofing 15 5 
Source: 2050 Pathway Analysis July 2010, HM Government 
The air permeability values of 15 and 5 (m3/m2. hr@50Pa) are approximately to average internal air 
change per hour (ac/h) at 1.2 and 0.4.  
Table A-32: Recommendation of air infiltration rate of domestic building 
Infiltration ac/h 
Common UK [43] 0.5 -1.0 
Recommend [70] 0.5 -0.7 
Average UK[71],[72]  0.65 -0.7 
European Passive House Standard[43] Less than 0.03 
 
The assumptions of weather, temperature setting and occupancy are: 
 Outdoor temperature – very cold winter’s day in London.  
 Space heating settings - 18oC heating set point from 6 am to 8am and 6pm to 11pm with no 
heating outside these hours. 
 Other assumptions: 
o There are 4 people occupied all day except between 0800h and 1800h 
o Solar radiation included (as given in weather data file) 
o Internal air changes = 1.2 ac/h 
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A-6 Peak minimisation of UK domestic building demand for the year 2050 
Table A-33: Assumption of UK household occupancy patterns 
Occupied time patterns [hours] Percentage assumption 
Weekdays Weekends 
1. 6.00-9:00 and 13:00-23.00 10 10 
2. 6.00-9:00 and 18:00-23.00 30 30 
3. 6.00-9:00 and 16:00-23.00 40 10 
4. 6.00-23.00 10 10 
5.8.00-11.00 and 16.00-23.00 10 40 
 
Table A-34: Assumption of heating set point time for UK residential buildings 
Heating set point shifting  
from those given in table A-33 
Percentage Assumption (%) 
-120 minutes 5 
-90 minutes 10 
-60 minutes 12.5 
-30 minutes 15 
No shifting 15 
+30 minutes 15 
+60 minutes 12.5 
+90 minutes 10 
+120 minutes 5 
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A-7 Comparison results of peak reduction by turning on the heating system throughout the day 
Table A-35a: Comparison of weekdays electrical energy and peak demand on winter cold day for the 
year 2050 level1 pathway 
2050 level1 Weekdays 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 6.00-8.00 and 16.00-23.00 
Energy (GWh) 3462.9 1705.7 1279.2 
Peak (GW) 407.4 210.5 158.3 
Heating On 24 hours 
Energy (GWh) 4585.7 2257.3 1676.1 
Peak (GW) 266.4 137.2 105.5 
Comparison 
Energy (%) 132.4 132.3 131.0 
Peak (%) 65.4 65.2 66.7 
 
Table A-35b: Comparison of weekends electrical energy and peak demand on winter cold day for the 
year 2050 level1 pathway 
2050 level1 Weekends 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 8.00-10.00 and 16.00-23.00 
Energy (GWh) 3417.6 1672.5 1255.5 
Peak (GW) 395.8 199.4 147.8 
Heating On 24 hours 
Energy (GWh) 4537.9 2235.2 1660.3 
Peak (GW) 245.6 125.4 95.3 
Comparison 
Energy (%) 132.8 133.6 132.2 
Peak (%) 62.0 62.9 64.5 
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Table A-35c: Comparison of weekdays electrical energy and peak demand on winter cold day for the 
year 2050 level2 pathway 
2050 level2 Weekdays 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 6.00-8.00 and 16.00-23.00 
Energy (GWh) 2508.3 1235.2 923.4 
Peak (GW) 294.6 152.3 114.1 
Heating On 24 hours 
Energy (GWh) 3334.1 1640.9 1215.3 
Peak (GW) 190.8 98.3 75.3 
Comparison 
Energy (%) 132.9 132.8 131.6 
Peak (%) 64.8 64.6 66.0 
 
Table A-35d: Comparison of weekends electrical energy and peak demand on winter cold day for the 
year 2050 level2 
2050 level2 Weekends 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 8.00-10.00 and 16.00-23.00 
Energy (GWh) 2474.9 1210.7 905.9 
Peak (GW) 287.9 145.1 107.2 
Heating On 24 hours 
Energy (GWh) 3299.0 1624.7 1203.6 
Peak (GW) 176.8 90.3 68.4 
Comparison 
Energy (%) 133.3 134.2 132.9 
Peak (%) 61.4 62.3 63.7 
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Table A-35e: Comparison of weekdays electrical energy and peak demand on winter cold day for the 
year 2050 level4 pathway 
2050 level4 Weekdays 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 6.00-8.00 and 16.00-23.00 
Energy (GWh) 1496.0 736.4 547.1 
Peak (GW) 175.1 90.6 67.5 
Heating On 24 hours 
Energy (GWh) 2002.6 985.3 726.2 
Peak (GW) 111.5 57.5 43.7 
Comparison 
Energy (%) 133.9 133.8 132.7 
Peak (%) 63.7 63.5 64.7 
 
Table A-35f: Comparison of weekends electrical energy and peak demand on winter cold day for the 
year 2050 level4 pathway 
2050 level4 Weekends 1 day 
Resistive 
Heating 
100% 
ASHP 100% 
ASHP 71% GSHP 
29% 
Heating On 
 8.00-10.00 and 16.00-23.00 
Energy (GWh) 1475.6 721.4 536.5 
Peak (GW) 173.1 87.2 64.2 
Heating On 24 hours 
Energy (GWh) 1981.1 975.3 719.1 
Peak (GW) 104.3 53.3 40.0 
Comparison 
Energy (%) 134.3 135.2 134.0 
Peak (%) 60.2 61.1 62.4 
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A-8 Comparison results of peak minimisation 
Table A-36a: Comparison of controlled electrical energy and peak demand on a typical winter day for 
the year 2050  
  Total 
demand DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) 2,596.7 2,564.0 2,962.3 2,602.5 
Peak demand (GW) 185.7 169.3 162.3 157.5 
Weekends  
Energy (GWh) 2,593.4 2,562.2 2,942.0 2,600.4 
Peak demand (GW) 173.9 156.8 158.0 145.5 
Level2 
Weekdays  
Energy (GWh) 2,260.6 2,235.7 2,533.1 2,265.3 
Peak demand (GW) 154.4 140.0 138.9 130.9 
Weekends  
Energy (GWh) 2,258.3 2,234.8 2,518.2 2,264.1 
Peak demand (GW) 146.5 132.8 135.0 123.3 
Level3 
Weekdays  
Energy (GWh) 2,103.9 2,077.8 2,330.3 2,108.2 
Peak demand (GW) 140.3 126.1 127.9 118.2 
Weekends  
Energy (GWh) 2,102.0 2,077.7 2,317.9 2,107.3 
Peak demand (GW) 133.7 121.5 124.0 112.9 
Level4 
Weekdays  
Energy (GWh) 1,914.8 1,890.9 2,078.7 1,918.1 
Peak demand (GW) 124.4 111.3 114.9 105.0 
Weekends  
Energy (GWh) 1,913.5 1,890.2 2,069.6 1,917.4 
Peak demand (GW) 119.3 108.7 110.8 101.9 
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Table A-36b: Comparison of electrical energy and peak demand changes from base case on a typical 
winter day for the year 2050  
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) -32.7 365.6 5.8 
Peak demand (GW) -16.3 -23.4 -28.2 
Weekends  
Energy (GWh) -31.2 348.6 7.0 
Peak demand (GW) -17.1 -15.9 -28.4 
Level2 
Weekdays  
Energy (GWh) -25.0 272.5 4.6 
Peak demand (GW) -14.5 -15.5 -23.5 
Weekends  
Energy (GWh) -23.6 259.9 5.7 
Peak demand (GW) -13.6 -11.5 -23.1 
Level3 
Weekdays  
Energy (GWh) -26.1 226.4 4.3 
Peak demand (GW) -14.2 -12.5 -22.2 
Weekends  
Energy (GWh) -24.2 216.0 5.3 
Peak demand (GW) -12.2 -9.7 -20.8 
Level4 
Weekdays  
Energy (GWh) -23.9 163.9 3.2 
Peak demand (GW) -13.2 -9.5 -19.4 
Weekends  
Energy (GWh) -23.3 156.1 4.0 
Peak demand (GW) -10.6 -8.5 -17.3 
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Table A-36c: Comparison of electrical energy and peak demand changes in percentage from base 
case on a typical winter day for the year 2050  
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (%) -1.3 14.1 0.2 
Peak demand (%) -8.8 -12.6 -15.2 
Weekends  
Energy (%) -1.2 13.4 0.3 
Peak demand (%) -9.8 -9.2 -16.4 
Level2 
Weekdays  
Energy (%) -1.1 12.1 0.2 
Peak demand (%) -9.4 -10.1 -15.2 
Weekends  
Energy (%) -1.0 11.5 0.3 
Peak demand (%) -9.3 -7.9 -15.8 
Level3 
Weekdays  
Energy (%) -1.2 10.8 0.2 
Peak demand (%) -10.1 -8.9 -15.8 
Weekends  
Energy (%) -1.2 10.3 0.3 
Peak demand (%) -9.1 -7.2 -15.5 
Level4 
Weekdays  
Energy (%) -1.2 8.6 0.2 
Peak demand (%) -10.6 -7.6 -15.6 
Weekends  
Energy (%) -1.2 8.2 0.2 
Peak demand (%) -8.9 -7.1 -14.5 
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Table A-37a: Comparison of controlled electrical energy and peak demand on a severe cold winter 
day for the year 2050  
  Total 
demand DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) 4,369.1 4,288.4 5,333.4 4,377.8 
Peak demand (GW) 341.5 306.0 273.0 271.1 
Weekends  
Energy (GWh) 4,359.6 4,280.3 5,333.2 4,368.3 
Peak demand (GW) 327.2 288.7 267.1 258.5 
Level2 
Weekdays  
Energy (GWh) 3,537.1 3,472.3 4,277.2 3,544.7 
Peak demand (GW) 265.1 236.9 216.7 208.9 
Weekends  
Energy (GWh) 3,530.2 3,467.2 4,277.1 3,537.9 
Peak demand (GW) 256.6 225.7 213.9 201.3 
Level3 
Weekdays  
Energy (GWh) 3,173.8 3,112.0 3,783.0 3,181.3 
Peak demand (GW) 232.3 206.8 190.1 181.5 
Weekends  
Energy (GWh) 3,168.1 3,108.0 3,783.0 3,176.0 
Peak demand (GW) 226.0 198.6 189.7 176.0 
Level4 
Weekdays  
Energy (GWh) 2,696.9 2,634.9 3,148.7 2,702.9 
Peak demand (GW) 189.9 168.5 157.0 149.4 
Weekends  
Energy (GWh) 2,692.7 2,631.6 3,148.6 2,699.8 
Peak demand (GW) 185.7 163.5 159.2 145.7 
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Table A-37b: Comparison of electrical energy and peak demand changes from base case on a severe 
cold winter day for the year 2050  
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) -80.7 964.3 8.7 
Peak demand (GW) -35.5 -68.5 -70.4 
Weekends  
Energy (GWh) -79.3 973.6 8.7 
Peak demand (GW) -38.5 -60.1 -68.7 
Level2 
Weekdays  
Energy (GWh) -64.8 740.2 7.6 
Peak demand (GW) -28.2 -48.5 -56.3 
Weekends  
Energy (GWh) -63.0 746.9 7.7 
Peak demand (GW) -30.8 -42.7 -55.3 
Level3 
Weekdays  
Energy (GWh) -61.8 609.2 7.5 
Peak demand (GW) -25.6 -42.2 -50.9 
Weekends  
Energy (GWh) -60.1 614.9 8.0 
Peak demand (GW) -27.3 -36.2 -49.9 
Level4 
Weekdays  
Energy (GWh) -62.0 451.8 6.0 
Peak demand (GW) -21.4 -33.0 -40.6 
Weekends  
Energy (GWh) -61.0 456.0 7.2 
Peak demand (GW) -22.1 -26.4 -39.9 
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Table A-37c: Comparison of electrical energy and peak demand changes in percentage from base 
case on a severe cold winter day for the year 2050  
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (%) -1.8 22.1 0.2 
Peak demand (%) -10.4 -20.1 -20.6 
Weekends  
Energy (%) -1.8 22.3 0.2 
Peak demand (%) -11.8 -18.4 -21.0 
Level2 
Weekdays  
Energy (%) -1.8 20.9 0.2 
Peak demand (%) -10.7 -18.3 -21.2 
Weekends  
Energy (%) -1.8 21.2 0.2 
Peak demand (%) -12.0 -16.6 -21.5 
Level3 
Weekdays  
Energy (%) -1.9 19.2 0.2 
Peak demand (%) -11.0 -18.2 -21.9 
Weekends  
Energy (%) -1.9 19.4 0.3 
Peak demand (%) -12.1 -16.0 -22.1 
Level4 
Weekdays  
Energy (%) -2.3 16.8 0.2 
Peak demand (%) -11.3 -17.4 -21.4 
Weekends  
Energy (%) -2.3 16.9 0.3 
Peak demand (%) -11.9 -14.2 -21.5 
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Figure A-12a: Controlled electrified demand on typical winter weekdays for the year 2050 level1 for 
peak minimisation 
 
 
Figure A-12b: Controlled electrified demand on typical winter weekends for the year 2050 level1 for 
peak minimisation 
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Figure A-12c: Controlled electrified demand on typical winter weekdays for the year 2050 level2 for 
peak minimisation 
 
 
Figure A-12d: Controlled electrified demand on typical winter weekends for the year 2050 level2 for 
peak minimisation 
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Figure A-12e: Controlled electrified demand on typical winter weekdays for the year 2050 level4 for 
peak minimisation 
 
 
Figure A-12f: Controlled electrified demand on typical winter weekends for the year 2050 level4 for 
peak minimisation 
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Figure A-12g: Controlled electrified demand on severe cold winter weekdays for the year 2050 level1 
for peak minimisation 
 
 
Figure A-12h: Controlled electrified demand on severe cold winter weekends for the year 2050 level1 
for peak minimisation 
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Figure A-12i: Controlled electrified demand on severe cold winter weekdays for the year 2050 level2 
for peak minimisation 
 
 
Figure A-12j: Controlled electrified demand on severe cold winter weekends for the year 2050 level2 
for peak minimisation 
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Figure A-12k: Controlled electrified demand on severe cold winter weekdays for the year 2050 level4 
for peak minimisation 
 
 
Figure A-12l: Controlled electrified demand on severe cold winter weekends for the year 2050 level4 
for peak minimisation 
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Appendix B – Characteristics and number of UK commercial buildings 
The building characteristics of office and retail store are assumed similar to those given in table 2-3. 
In order to model the variety of building size, half size and double size buildings are modelled from 
the typical size namely “medium” size. The half size and double size are namely “small” and “large” 
size buildings. Table B-1 shows the assumption of building ratio for different size. 
Table B-1: Assumption of building size ratio 
Small Medium Large 
30% 40% 30% 
 
The number of office and retail store buildings shown in table B-2 below are from national statistical 
data 2007 which are assumed similar to 2002 one. 
Table B-2: Number of office and retail store from national statistical data 2007 
Building Type Offices Retail Total 
North East 12,593 24,728 37,321 
North West 40,490 77,490 117,980 
Yorkshire and the Humber 28,431 54,622 83,053 
East Midlands 21,284 38,710 59,994 
West Midlands 29,933 51,185 81,118 
East of England 32,073 46,854 78,927 
London 83,532 98,383 181,915 
South East 52,358 73,061 125,419 
South West 28,067 50,928 78,995 
Wales 15,169 31,060 46,229 
Scotland 15,000 30,000 45,000 
GB 358,930 577,021 935,951 
 
Four insulation level assumptions shown in table B-3 are modelled for the difference building ages. 
The constructions including U-values of the buildings are given in DesignBuilder software UK 
construction template for different insulation levels namely, best practice, partL2006, reference and 
uninsulated. For simplicity, they are chosen for very good, good, medium and poor insulation levels 
respectively. 
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Table B-3: Assumptions of commercial building insulation 
Level of 
Insulation 
Age Insulation 
Roof          
U-value 
(W/m2K) 
Wall        
U-value 
(W/m2K) 
Window 
U-value 
(W/m2K) 
Floor        
U-value 
(W/m2K) 
ac/h 
Very Good 
New built 
after 2003 
Cavity wall with 
Insulation 
0.15 0.25 2.0 0.15 0.3 
Good 
built  
1991-2003 
Cavity wall with 
Insulation  
0.16 0.35 2.0 0.25 0.5 
Medium 
built  
1940-1990 
Cavity wall without 
Insulation 
2.93 1.5 6.12 1.46 1.0 
Poor 
built before 
1940 
Solid wall without 
Insulation 
2.93 2.07 6.12 1.46 1.0 
 
The assumption of number of building ratio for each insulation level for year 2002 are approximated 
from building age [42] shown below  
Table B-4: The assumption of number of building ratio for each insulation level 
Level of Insulation office buildings retail store buildings 
Very Good 2% 2% 
Good 12% 7% 
Medium 36% 23% 
Poor 50% 68% 
 
The heating and cooling temperature settings for each building type are show in table B-5 for 
weekdays, Saturday and Sunday. In order to model the diversity of demand, their temperature 
settings are differently set for each building type and each size. It is assumed that offices close on 
weekends. Retail stores open every day from morning until evening except Sunday that they are 
open from 12.00 to 18.00. 
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Table B-5a: Weekdays heating and cooling temperature settings for each building type 
Weekdays 
  
Heating 
setpoint 
(oC) 
Heating 
setback 
(oC) 
Heating set point 
period 
Cooling 
setpoint 
(oC) 
Cooling 
setback 
(oC) 
Cooling setpoint 
period 
Office 
  
  
Small 22 12 8:30 19:00 26 28 8:30 19:00 
Medium 22 12 8:00 19:15 26 28 8:00 19:15 
Large 22 12 7:30 19:30 26 28 7:30 19:30 
Retail store  
  
Small 20 10 9:30 19:00 24 30 9:30 19:00 
Medium 20 12 9:00 20:00 24 30 9:00 20:00 
Large 20 12 8:30 21:00 24 28 8:30 21:00 
 
Table B-5b: Saturday heating and cooling temperature settings for each building type 
Saturday 
  
Heating 
setpoint 
(oC) 
Heating 
setback 
(oC) 
Heating set point 
period 
Cooling 
setpoint 
(oC) 
Cooling 
setback 
(oC) 
Cooling setpoint 
period 
Office 
  
  
Small 10 10 0:00 24:00 30 30 0:00 24:00 
Medium 12 12 0:00 24:00 30 30 0:00 24:00 
Large 12 12 0:00 24:00 28 28 0:00 24:00 
Retail store  
  
Small 20 10 8:30 20:00 24 30 8:30 20:00 
Medium 20 12 9:00 21:00 24 30 9:00 21:00 
Large 20 12 9:30 22:00 24 28 9:30 22:00 
 
Table B-5c: Sunday heating and cooling temperature settings for each building type 
Sunday 
  
Heating 
setpoint 
(oC) 
Heating 
setback 
(oC) 
Heating set point 
period 
Cooling 
setpoint 
(oC) 
Cooling 
setback 
(oC) 
Cooling setpoint 
period 
  
Office 
  
  
Small 10 10 0:00 24:00 30 30 0:00 24:00 
Medium 12 12 0:00 24:00 30 30 0:00 24:00 
Large 12 12 0:00 24:00 28 28 0:00 24:00 
Retail store  
  
Small 20 10 12:00 18:00 24 30 12:00 18:00 
Medium 20 12 12:00 18:30 24 30 12:00 18:30 
Large 20 12 12:00 19:00 24 28 12:00 19:00 
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The assumption of internal heat gains for each building is shown in table B-6. 
Table B-6: Assumption of internal heat gain during the opening time 
 Internal heat gain Office Retail 
Occupancy (people/m2) 0.11 0.11 
Lighting (W/m2) 10 3 
Equipment (W/m2) 10 10 
 
Likewise domestic building simulation, the regions of the UK are categorised into three locations: the 
north, the middle and the south. The assumption of UK region classification into locations is similar 
to domestics building case one.  
Hot water profiles used in the simulation are assumed similar to the typical profiles given in 
DesignBuilder software for both office and retail store. 
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Appendix C – Comparison of controlled cost and CO2 emissions  
Table C-1a: Assumption of number of generation unit for the year 2050 on a typical winter day 
Number of Unit 
Type 
Nuclear Coal CCS CCGT OCGT 
Level1 117 75 150 60 
Level2 98 63 125 50 
Level3 86 55 110 44 
Level4 75 48 95 38 
 
Table C-1b: Assumption of number of generation unit for the year 2050 on a severe cold winter day 
Number of Unit 
Type 
Nuclear Coal CCS CCGT OCGT 
Level1 205 132 263 105 
Level2 171 110 219 88 
Level3 151 97 193 77 
Level4 130 84 167 67 
 
 
 
Figure C-1: Upward and downward system reserve requirement in the study 
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Figure C-2a: Wind generation profile assumption for low-wind case study 
 
 
Figure C-2b: Wind generation profile assumption for high-wind case study 
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Figure C-3a: Controlled electrified demand on typical winter weekdays for the year 2050 level1, low-
wind, for cost minimisation 
 
 
Figure C-3b: Controlled electrified demand on typical winter weekends for the year 2050 level1, low-
wind, for cost minimisation 
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Figure C-3c: Controlled electrified demand on typical winter weekdays for the year 2050 level2, low-
wind, for cost minimisation 
 
 
Figure C-3d: Controlled electrified demand on typical winter weekends for the year 2050 level2, low-
wind, for cost minimisation 
 
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
00 02 04 06 08 10 12 14 16 18 20 22 00 
D
e
m
an
d
 (
G
W
) 
Hours 
Electrical demand by Controlling ASHP 100% 
Typical winter weekdays: 2050 level2-Low wind 
Demand 
Base Case 
DSM 
Preheat 
Storage 
0 
20 
40 
60 
80 
100 
120 
140 
160 
180 
00 02 04 06 08 10 12 14 16 18 20 22 00 
D
e
m
an
d
 (
G
W
) 
Hours 
Electrical demand by Controlling ASHP 100% 
Typical winter weekends: 2050 level2-Low wind 
Demand 
Base Case 
DSM 
Preheat 
Storage 
Appendix C– Comparison of controlled cost and CO2 emission  
   
316 
 
 
Figure C-3e: Controlled electrified demand on typical winter weekdays for the year 2050 level4, low-
wind, for cost minimisation 
 
 
Figure C-3f: Controlled electrified demand on typical winter weekends for the year 2050 level4, low-
wind, for cost minimisation 
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Figure C-4a: Controlled electrified demand on typical winter weekdays for the year 2050 level1, high-
wind, for cost minimisation 
 
 
Figure C-4b: Controlled electrified demand on typical winter weekends for the year 2050 level1, 
high-wind, for cost minimisation 
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Figure C-4c: Controlled electrified demand on typical winter weekdays for the year 2050 level2, high-
wind, for cost minimisation 
 
 
Figure C-4d: Controlled electrified demand on typical winter weekends for the year 2050 level2, 
high-wind, for cost minimisation 
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Figure C-4e: Controlled electrified demand on typical winter weekdays for the year 2050 level4, high-
wind, for cost minimisation 
 
 
Figure C-4f: Controlled electrified demand on typical winter weekends for the year 2050 level4, high-
wind, for cost minimisation 
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Figure C-5a: Controlled electrified demand on severe cold winter weekdays for the year 2050 level1, 
low-wind, for cost minimisation 
 
 
Figure C-5b: Controlled electrified demand on severe cold winter weekends for the year 2050 level1, 
low-wind, for cost minimisation 
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Figure C-5c: Controlled electrified demand on severe cold winter weekdays for the year 2050 level2, 
low-wind, for cost minimisation 
 
 
Figure C-5d: Controlled electrified demand on severe cold winter weekends for the year 2050 level2, 
low-wind, for cost minimisation 
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Figure C-5e: Controlled electrified demand on severe cold winter weekdays for the year 2050 level4, 
low-wind, for cost minimisation 
 
 
Figure C-5f: Controlled electrified demand on severe cold winter weekends for the year 2050 level4, 
low-wind, for cost minimisation 
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Figure C-6a: Controlled electrified demand on severe cold winter weekdays for the year 2050 level1, 
high-wind, for cost minimisation 
 
 
Figure C-6b: Controlled electrified demand on severe cold winter weekends for the year 2050 level1, 
high-wind, for cost minimisation 
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Figure C-6c: Controlled electrified demand on severe cold winter weekdays for the year 2050 level2, 
high-wind, for cost minimisation 
 
 
Figure C-6d: Controlled electrified demand on severe cold winter weekends for the year 2050 level2, 
high-wind, for cost minimisation 
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Figure C-6e: Controlled electrified demand on severe cold winter weekdays for the year 2050 level4, 
high-wind, for cost minimisation 
 
 
Figure C-6f: Controlled electrified demand on severe cold winter weekends for the year 2050 level4, 
high-wind, for cost minimisation 
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Table C-2: Comparison of controlled energy, cost (at today’s prices) and CO2 emissions on a typical 
winter day for the year 2050 low wind penetration 
  No control DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) 2,620.7 2,585.4 2,962.3 2,660.7 
Cost (£M) 119.4 109.6 124.1 86.3 
Emissions (kt)  488.8 449.3 506.0 310.2 
Weekends  
Energy (GWh) 2,618.2 2,581.1 2,942.0 2,653.8 
Cost (£M) 110.4 104.4 120.3 86.0 
Emissions (kt)  452.4 423.0 486.2 309.2 
Level2 
Weekdays  
Energy (GWh) 2,286.5 2,257.7 2,533.1 2,305.1 
Cost (£M) 81.6 94.4 105.9 78.9 
Emissions (kt)  309.2 390.4 436.9 297.5 
Weekends  
Energy (GWh) 2,284.8 2,255.3 2,518.2 2,303.6 
Cost (£M) 97.2 92.2 103.3 78.8 
Emissions (kt)  403.7 380.3 423.1 297.5 
Level3 
Weekdays  
Energy (GWh) 2,131.3 2,102.0 2,330.3 2,132.9 
Cost (£M) 100.0 92.5 102.5 79.6 
Emissions (kt)  419.6 390.1 435.0 318.3 
Weekends  
Energy (GWh) 2,129.2 2,102.0 2,317.9 2,134.3 
Cost (£M) 96.6 90.1 100.1 79.6 
Emissions (kt)  409.2 382.4 423.8 318.5 
Level4 
Weekdays  
Energy (GWh) 1,939.1 1,913.9 2,078.7 1,933.8 
Cost (£M) 97.9 88.0 95.2 77.8 
Emissions (kt)  401.5 376.7 410.1 323.5 
Weekends  
Energy (GWh) 1,939.3 1,914.3 2,069.6 1,934.7 
Cost (£M) 92.5 86.9 93.9 77.8 
Emissions (kt)  396.1 372.9 403.6 323.8 
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Table C-3: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes from 
base case on a typical winter day for the year 2050 low wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) -35.3 341.6 40.0 
Cost (£M) -9.9 4.6 -33.2 
Emissions (kt)  -39.5 17.2 -178.6 
Weekends  
Energy (GWh) -37.1 323.8 35.5 
Cost (£M) -6.0 9.9 -24.4 
Emissions (kt)  -29.4 33.7 -143.2 
Level2 
Weekdays  
Energy (GWh) -28.8 246.6 18.5 
Cost (£M) 12.8 24.3 -2.7 
Emissions (kt)  81.2 127.8 -11.6 
Weekends  
Energy (GWh) -29.5 233.4 18.8 
Cost (£M) -5.0 6.0 -18.4 
Emissions (kt)  -23.4 19.3 -106.3 
Level3 
Weekdays  
Energy (GWh) -29.3 199.0 1.5 
Cost (£M) -7.4 2.6 -20.4 
Emissions (kt)  -29.5 15.5 -101.2 
Weekends  
Energy (GWh) -27.2 188.7 5.0 
Cost (£M) -6.5 3.5 -17.0 
Emissions (kt)  -26.8 14.6 -90.7 
Level4 
Weekdays  
Energy (GWh) -25.2 139.7 -5.2 
Cost (£M) -9.8 -2.7 -20.1 
Emissions (kt)  -24.8 8.6 -78.0 
Weekends  
Energy (GWh) -25.0 130.3 -4.6 
Cost (£M) -5.7 1.3 -14.7 
Emissions (kt)  -23.1 7.6 -72.3 
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Table C-4: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a typical winter day for the year 2050 low wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (%) -1.3 13.0 1.5 
Cost (%) -8.3 3.9 -27.8 
Emissions (%)  -8.1 3.5 -36.5 
Weekends  
Energy (%) -1.4 12.4 1.4 
Cost (%) -5.4 8.9 -22.1 
Emissions (%)  -6.5 7.5 -31.7 
Level2 
Weekdays  
Energy (%) -1.3 10.8 0.8 
Cost (%) 15.7 29.8 -3.3 
Emissions (%)  26.3 41.3 -3.8 
Weekends  
Energy (%) -1.3 10.2 0.8 
Cost (%) -5.2 6.2 -18.9 
Emissions (%)  -5.8 4.8 -26.3 
Level3 
Weekdays  
Energy (%) -1.4 9.3 0.1 
Cost (%) -7.4 2.6 -20.4 
Emissions (%)  -7.0 3.7 -24.1 
Weekends  
Energy (%) -1.3 8.9 0.2 
Cost (%) -6.8 3.6 -17.6 
Emissions (%)  -6.5 3.6 -22.2 
Level4 
Weekdays  
Energy (%) -1.3 7.2 -0.3 
Cost (%) -10.0 -2.7 -20.5 
Emissions (%)  -6.2 2.1 -19.4 
Weekends  
Energy (%) -1.3 6.7 -0.2 
Cost (%) -6.1 1.5 -15.9 
Emissions (%)  -5.8 1.9 -18.2 
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Table C-5: Comparison of controlled energy, cost (at today’s prices) and CO2 emissions on a typical 
winter day for the year 2050 high wind penetration 
  No control DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) 2,596.7 2,564.8 2,962.3 2,683.9 
Cost (£M) 72.7 66.1 60.1 31.9 
Emissions (kt)  276.0 240.3 192.9 53.3 
Weekends  
Energy (GWh) 2,593.4 2,557.2 2,942.0 2,681.3 
Cost (£M) 63.4 57.6 54.7 31.8 
Emissions (kt)  224.0 193.2 162.4 52.2 
Level2 
Weekdays  
Energy (GWh) 2,260.6 2,235.9 2,533.1 2,333.0 
Cost (£M) 54.0 48.8 45.3 24.5 
Emissions (kt)  196.6 169.3 140.3 39.1 
Weekends  
Energy (GWh) 2,258.3 2,231.6 2,518.2 2,330.9 
Cost (£M) 48.7 44.1 42.5 24.5 
Emissions (kt)  166.7 142.6 125.2 39.3 
Level3 
Weekdays  
Energy (GWh) 2,103.9 2,076.6 2,330.3 2,175.6 
Cost (£M) 47.3 42.7 40.9 22.3 
Emissions (kt)  173.2 148.7 131.1 39.1 
Weekends  
Energy (GWh) 2,102.0 2,075.8 2,317.9 2,172.3 
Cost (£M) 43.9 39.7 39.2 22.5 
Emissions (kt)  153.6 131.3 122.0 40.6 
Level4 
Weekdays  
Energy (GWh) 1,914.8 1,889.9 2,078.7 1,972.0 
Cost (£M) 38.6 34.9 34.6 19.8 
Emissions (kt)  137.2 117.7 111.4 39.2 
Weekends  
Energy (GWh) 1,913.5 1,888.7 2,069.6 1,968.8 
Cost (£M) 36.9 33.4 33.7 20.2 
Emissions (kt)  127.2 109.1 106.3 41.4 
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Table C-6: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes from 
base case on a typical winter day for the year 2050 high wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) -31.9 365.6 87.2 
Cost (£M) -6.6 -12.6 -40.8 
Emissions (kt)  -35.7 -83.1 -222.7 
Weekends  
Energy (GWh) -36.2 348.6 87.9 
Cost (£M) -5.8 -8.7 -31.6 
Emissions (kt)  -30.7 -61.6 -171.8 
Level2 
Weekdays  
Energy (GWh) -24.7 272.5 72.4 
Cost (£M) -5.1 -8.7 -29.5 
Emissions (kt)  -27.3 -56.3 -157.5 
Weekends  
Energy (GWh) -26.7 259.9 72.6 
Cost (£M) -4.5 -6.1 -24.2 
Emissions (kt)  -24.1 -41.5 -127.4 
Level3 
Weekdays  
Energy (GWh) -27.3 226.4 71.7 
Cost (£M) -4.6 -6.4 -25.0 
Emissions (kt)  -24.5 -42.0 -134.1 
Weekends  
Energy (GWh) -26.2 216.0 70.4 
Cost (£M) -4.2 -4.7 -21.4 
Emissions (kt)  -22.3 -31.6 -113.0 
Level4 
Weekdays  
Energy (GWh) -25.0 163.9 57.2 
Cost (£M) -3.7 -4.0 -18.7 
Emissions (kt)  -19.5 -25.8 -98.0 
Weekends  
Energy (GWh) -24.8 156.1 55.4 
Cost (£M) -3.4 -3.2 -16.6 
Emissions (kt)  -18.0 -20.8 -85.8 
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Table C-7: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a typical winter day for the year 2050 high wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (%) -1.2 14.1 3.4 
Cost (%) -9.1 -17.3 -56.1 
Emissions (%)  -12.9 -30.1 -80.7 
Weekends  
Energy (%) -1.4 13.4 3.4 
Cost (%) -9.2 -13.7 -49.9 
Emissions (%)  -13.7 -27.5 -76.7 
Level2 
Weekdays  
Energy (%) -1.1 12.1 3.2 
Cost (%) -9.5 -16.1 -54.7 
Emissions (%)  -13.9 -28.7 -80.1 
Weekends  
Energy (%) -1.2 11.5 3.2 
Cost (%) -9.3 -12.6 -49.7 
Emissions (%)  -14.4 -24.9 -76.4 
Level3 
Weekdays  
Energy (%) -1.3 10.8 3.4 
Cost (%) -9.7 -13.5 -52.9 
Emissions (%)  -14.1 -24.3 -77.4 
Weekends  
Energy (%) -1.2 10.3 3.3 
Cost (%) -9.5 -10.7 -48.7 
Emissions (%)  -14.5 -20.6 -73.6 
Level4 
Weekdays  
Energy (%) -1.3 8.6 3.0 
Cost (%) -9.6 -10.3 -48.6 
Emissions (%)  -14.2 -18.8 -71.4 
Weekends  
Energy (%) -1.3 8.2 2.9 
Cost (%) -9.3 -8.6 -45.1 
Emissions (%)  -14.2 -16.4 -67.4 
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Table C-8: Comparison of controlled energy, cost (at today’s prices) and CO2 emissions on a severe 
cold winter day for the year 2050 low wind penetration 
  No control DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) 4,463.2 4,386.7 5,321.2 4,479.2 
Cost (£M) 227.6 203.5 299.0 137.0 
Emissions (kt)  930.3 836.9 977.6 452.0 
Weekends  
Energy (GWh) 4,456.8 4,380.2 5,321.1 4,483.8 
Cost (£M) 207.1 188.0 297.9 137.4 
Emissions (kt)  843.4 762.7 972.5 453.1 
Level2 
Weekdays  
Energy (GWh) 3,598.4 3,536.0 4,275.4 3,634.7 
Cost (£M) 161.9 147.4 194.5 103.8 
Emissions (kt)  659.0 593.4 752.4 325.8 
Weekends  
Energy (GWh) 3,592.5 3,531.5 4,275.3 3,637.0 
Cost (£M) 152.2 141.6 193.9 104.0 
Emissions (kt)  611.6 559.3 749.6 327.0 
Level3 
Weekdays  
Energy (GWh) 3,220.9 3,160.8 3,783.0 3,257.5 
Cost (£M) 141.9 129.2 162.9 95.6 
Emissions (kt)  577.4 518.8 663.8 311.0 
Weekends  
Energy (GWh) 3,215.8 3,155.9 3,783.0 3,259.9 
Cost (£M) 135.3 125.7 162.6 95.8 
Emissions (kt)  545.7 497.9 662.2 311.9 
Level4 
Weekdays  
Energy (GWh) 2,725.3 2,663.5 3,148.6 2,772.5 
Cost (£M) 110.4 101.6 124.9 78.2 
Emissions (kt)  442.2 396.5 491.7 249.2 
Weekends  
Energy (GWh) 2,722.1 2,661.9 3,148.6 2,774.5 
Cost (£M) 107.8 99.9 124.8 78.4 
Emissions (kt)  427.9 386.5 491.1 250.0 
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Table C-9: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes from 
base case on a severe cold winter day for the year 2050 low wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) -76.4 858.1 16.1 
Cost (£M) -24.1 71.3 -90.6 
Emissions (kt)  -93.4 47.2 -478.3 
Weekends  
Energy (GWh) -76.6 864.2 27.0 
Cost (£M) -19.1 90.8 -69.7 
Emissions (kt)  -80.8 129.0 -390.3 
Level2 
Weekdays  
Energy (GWh) -62.4 677.0 36.3 
Cost (£M) -14.5 32.6 -58.1 
Emissions (kt)  -65.6 93.4 -333.2 
Weekends  
Energy (GWh) -61.1 682.8 44.5 
Cost (£M) -10.6 41.6 -48.2 
Emissions (kt)  -52.2 138.0 -284.6 
Level3 
Weekdays  
Energy (GWh) -60.1 562.2 36.7 
Cost (£M) -12.7 21.0 -46.3 
Emissions (kt)  -58.6 86.4 -266.5 
Weekends  
Energy (GWh) -59.9 567.1 44.1 
Cost (£M) -9.7 27.3 -39.6 
Emissions (kt)  -47.8 116.5 -233.8 
Level4 
Weekdays  
Energy (GWh) -61.8 423.4 47.2 
Cost (£M) -8.8 14.5 -32.1 
Emissions (kt)  -45.7 49.5 -193.0 
Weekends  
Energy (GWh) -60.2 426.5 52.5 
Cost (£M) -7.8 17.0 -29.4 
Emissions (kt)  -41.4 63.2 -177.9 
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Table C-10: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a severe cold winter day for the year 2050 low wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (%) -1.7 19.2 0.4 
Cost (%) -10.6 31.3 -39.8 
Emissions (%)  -10.0 5.1 -51.4 
Weekends  
Energy (%) -1.7 19.4 0.6 
Cost (%) -9.2 43.9 -33.7 
Emissions (%)  -9.6 15.3 -46.3 
Level2 
Weekdays  
Energy (%) -1.7 18.8 1.0 
Cost (%) -9.0 20.1 -35.9 
Emissions (%)  -10.0 14.2 -50.6 
Weekends  
Energy (%) -1.7 19.0 1.2 
Cost (%) -7.0 27.3 -31.7 
Emissions (%)  -8.5 22.6 -46.5 
Level3 
Weekdays  
Energy (%) -1.9 17.5 1.1 
Cost (%) -9.0 14.8 -32.6 
Emissions (%)  -10.1 15.0 -46.1 
Weekends  
Energy (%) -1.9 17.6 1.4 
Cost (%) -7.1 20.2 -29.2 
Emissions (%)  -8.8 21.3 -42.8 
Level4 
Weekdays  
Energy (%) -2.3 15.5 1.7 
Cost (%) -7.9 13.2 -29.1 
Emissions (%)  -10.3 11.2 -43.7 
Weekends  
Energy (%) -2.2 15.7 1.9 
Cost (%) -7.3 15.8 -27.3 
Emissions (%)  -9.7 14.8 -41.6 
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Table C-11: Comparison of controlled energy, cost (at today’s prices) and CO2 emissions on a severe 
cold winter day for the year 2050 high wind penetration 
  No control DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) 4,369.1 4,290.4 5,333.4 4,529.1 
Cost (£M) 171.7 154.4 167.1 76.2 
Emissions (kt)  693.6 609.9 611.2 150.7 
Weekends  
Energy (GWh) 4,359.6 4,282.6 5,333.2 4,529.8 
Cost (£M) 155.3 142.0 164.5 76.5 
Emissions (kt)  609.0 540.4 594.6 152.0 
Level2 
Weekdays  
Energy (GWh) 3,537.1 3,475.2 4,277.2 3,641.2 
Cost (£M) 117.0 104.7 104.2 51.7 
Emissions (kt)  451.9 386.1 332.1 87.0 
Weekends  
Energy (GWh) 3,530.2 3,469.7 4,277.1 3,643.5 
Cost (£M) 107.4 97.0 102.2 51.7 
Emissions (kt)  398.9 342.9 319.0 87.1 
Level3 
Weekdays  
Energy (GWh) 3,173.8 3,113.8 3,783.0 3,265.7 
Cost (£M) 97.5 86.4 81.2 43.5 
Emissions (kt)  370.1 310.8 240.6 71.6 
Weekends  
Energy (GWh) 3,168.1 3,108.9 3,783.0 3,267.7 
Cost (£M) 90.3 80.8 79.7 43.5 
Emissions (kt)  330.2 279.3 231.2 71.8 
Level4 
Weekdays  
Energy (GWh) 2,696.9 2,634.1 3,148.7 2,783.9 
Cost (£M) 69.0 59.8 53.8 31.4 
Emissions (kt)  243.1 194.8 138.0 45.8 
Weekends  
Energy (GWh) 2,692.7 2,631.3 3,148.6 2,784.4 
Cost (£M) 64.4 56.3 53.0 31.5 
Emissions (kt)  218.2 175.3 133.6 46.1 
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Table C-12: Comparison of generation energy, cost (at today’s prices) and CO2 emissions changes 
from base case on a severe cold winter day for the year 2050 high wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (GWh) -78.7 964.3 160.0 
Cost (£M) -17.3 -4.6 -95.5 
Emissions (kt)  -83.7 -82.4 -542.9 
Weekends  
Energy (GWh) -77.0 973.6 170.2 
Cost (£M) -13.3 9.3 -78.8 
Emissions (kt)  -68.6 -14.4 -457.0 
Level2 
Weekdays  
Energy (GWh) -61.8 740.2 104.1 
Cost (£M) -12.3 -12.8 -65.3 
Emissions (kt)  -65.8 -119.8 -364.9 
Weekends  
Energy (GWh) -60.5 746.9 113.4 
Cost (£M) -10.4 -5.1 -55.6 
Emissions (kt)  -56.0 -79.9 -311.8 
Level3 
Weekdays  
Energy (GWh) -60.0 609.2 91.9 
Cost (£M) -11.1 -16.3 -54.0 
Emissions (kt)  -59.4 -129.6 -298.5 
Weekends  
Energy (GWh) -59.1 614.9 99.6 
Cost (£M) -9.5 -10.5 -46.7 
Emissions (kt)  -50.9 -99.0 -258.4 
Level4 
Weekdays  
Energy (GWh) -62.8 451.8 87.0 
Cost (£M) -9.1 -15.2 -37.5 
Emissions (kt)  -48.3 -105.1 -197.2 
Weekends  
Energy (GWh) -61.4 456.0 91.7 
Cost (£M) -8.1 -11.4 -32.9 
Emissions (kt)  -42.8 -84.6 -172.1 
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Table C-13: Comparison of percentage generation energy, cost (at today’s prices) and CO2 emissions 
changes from base case on a severe cold winter day for the year 2050 high wind penetration 
  DSM Preheating Storage 
Level1 
Weekdays  
Energy (%) -1.8 22.1 3.7 
Cost (%) -10.1 -2.7 -55.6 
Emissions (%)  -12.1 -11.9 -78.3 
Weekends  
Energy (%) -1.8 22.3 3.9 
Cost (%) -8.6 6.0 -50.7 
Emissions (%)  -11.3 -2.4 -75.0 
Level2 
Weekdays  
Energy (%) -1.7 20.9 2.9 
Cost (%) -10.5 -10.9 -55.8 
Emissions (%)  -14.6 -26.5 -80.7 
Weekends  
Energy (%) -1.7 21.2 3.2 
Cost (%) -9.7 -4.8 -51.8 
Emissions (%)  -14.0 -20.0 -78.2 
Level3 
Weekdays  
Energy (%) -1.9 19.2 2.9 
Cost (%) -11.4 -16.7 -55.4 
Emissions (%)  -16.0 -35.0 -80.7 
Weekends  
Energy (%) -1.9 19.4 3.1 
Cost (%) -10.5 -11.7 -51.8 
Emissions (%)  -15.4 -30.0 -78.3 
Level4 
Weekdays  
Energy (%) -2.3 16.8 3.2 
Cost (%) -13.2 -22.0 -54.4 
Emissions (%)  -19.9 -43.2 -81.1 
Weekends  
Energy (%) -2.3 16.9 3.4 
Cost (%) -12.6 -17.7 -51.1 
Emissions (%)  -19.6 -38.8 -78.9 
 
 
